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Abstract 
The structures and reactivities of mono- and dinuclear nonheme iron 
model complexes were investigated.  In Chapters 2 and 3, O-O bond activation 
of H2O2 by the dinuclear complexes [(FeIII2(μ-O)(μ-OH)L2]3+ (1A) and [(FeIII2(μ-
OH)2L2]4+ (2A), L = tris(3,5-di-methyl-4-methoxypyridyl-2-methyl)amine,  to form 
the high-valent [(FeIV2(μ-O)(OH)(O)L2]3+ (3A) and [(FeIV2(μ-O)2L2]4+ (4A) was 
studied.  H2O2 and H2O competed for binding to the Fe centers of 1A and 2A, 
and [H2O2] was rate limiting under the concentrations studied.  The presence of 
base increased the H2O2 activation rate for 2A, but not for 1A.  The H2O2 
activation rates by 1A and 2A were comparable to that of the mononuclear 
nonheme iron complex [FeII(TMC)]2+ (TMC = tetramethylcyclam) (J. Am. Chem. 
Soc. 2010, 2134-2135)  after accounting for water inhibition.  A crystal structure 
of [(FeIV2(μ-O)2L2]4+ (4A), or diamond core, was solved and described the Fe2O2 
core in more detail than the original EXAFS structural assignment.  In addition, 
structures of other complexes with Fe2O2L2 cores in different oxidation and 
protonation states were also studied and compared to the Fe2O2 cores of the 
high-valent enzymes intermediates RNR-X and sMMO-Q. 
In Chapter 4, iron complexes supported by the TMC ligand were studied 
by X-ray crystallography.  A second isomer of the [FeIV(O)(TMC)]2+ complex was 
found, and the mechanism of conversion to the original isomer was explored.  
Additionally, the crystal structure of (TMC)FeIII(μ-O)Sc(NCCH3)(OTf)4 complex 
  iii 
was obtained and used to reassign the Fe oxidation state of the originally 
reported (TMC)FeIV(μ-O)Sc(OH)(OTf)4 complex.(Nat. Chem. 2010, 756-759) 
In Chapter 5, the hydrogen atom transfer (HAT) rates of a series of S = 2 
mononuclear nonheme iron complexes, [FeIV(O)TMG2dien(X)]2+,+ (X = CH3CN, 
Cl-, Br-, N3-, CH3CO2- and CF3CO2-; TMG2dien = 1,1-bis{2-[N2-(1,1,3,3- 
tetramethylguanidino)]ethyl}amine), were reported.  Substitution of CH3CN with 
carboxylate and halide anions cis to the oxo ligand increased the HAT oxidation 
rate by as much as 15 times.  A series of S = 1 nonheme iron complexes, 
[FeIV(O)TPA(Y)]2+,+ (Y = CH3CN, Cl-, CH3CO2- and CF3CO2-; TPA = tris(pyridyl-2-
methyl)amine),  was also investigated to explore what effect spin state has on 
reactivity.  The HAT rates were similar for the [FeIV(O)TPA(Y)]2+,+ series, while 
OAT rates were much faster for the [FeIV(O)TPA(CH3CN)]2+ species. 
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and hydrogen atoms removed for clarity.  The two positions of the OTf counter 
anion are displayed above. 
Figure 4.19:  p 152 
Asymmetric unit of 4.3DCM with thermal ellipsoids drawn to the 50% probability 
level and hydrogen atoms removed for clarity.  The two positions of the Fe 
complex and one dichloromethane molecule are displayed above. 
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Figure 4.20:  p 153 
Asymmetric unit of 4.6 with thermal ellipsoids drawn to the 50% probability level 
and hydrogen atoms removed for clarity.  The two positions one Fe complex, two 
OTf counter anions and one dichloromethane molecule are displayed above. 
Figure 4.21:   p 154 
Unit cell of 4.6 displayed looking down the a-axis.  A group of six Fe complexes 
are located around a pseudo rotation element at (0, 0, 0). 
Figure 4.22:  p 155 
Asymmetric unit of 4.8 with thermal ellipsoids drawn to the 50% probability level 
and hydrogen atoms removed for clarity.  The two positions of the Fe complex 
and [Bu4N]+ are displayed above. 
Figure 5.1: p 160 
Nonheme ferryl complexes: left- [FeIV(O)TMG3tren]2+ (5.1);  center- 
[FeIV(O)TMG2dien(X)]2+,+ (5.2-X), X = CH3CN, Cl-, Br-, CH3CO2-, CF3CO2- and N3-
; [FeIV(O)TPA(X)]2+,+ (5.3-X), X = CH3CN, Cl-, CH3CO2-, CF3CO2-.  TMG3tren = 
1,1,1-tris{2-[N2-(1,1,3,3- tetramethylguanidino)]ethyl}amine, TMG2dien = 1,1-
bis{2-[N2-(1,1,3,3- tetramethylguanidino)]ethyl} methylamine, TPA = tris(2-
pyridylmethyl)amine. 
Figure 5.2:  p 162 
Electronic absorption spectra of 5.2 (black), 5.2-Cl (red), 5.2-Br (blue), 5.2-OAc 
(magenta), 5.2-O2CCF3 (green) and 5.2-N3 (grey) in a 0.4 mM [Fe] CH3CN 
solution at -30° C. 
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Figure 5.3:   p 164 
Decay of the spectrum of 5.2 in the presence of substrate.  A single exponential 
function fit to the time traces at 550 and 820 nm resulted in the same observed 
rate constant (kobs).  The spectra and time traces are representative of all kinetic 
experiments.  The first ~10 seconds of the reaction were not modeled in the 
exponential fit to allow for the reactants to mix.   
Figure 5.4:  p 165 
Observed rate constants of 5.2-X complexes plotted vs. substrate concentration 
to obtain second-order rate constants (k2).  Triphenylmethane oxidation rate 
constants were determined for 5.2 (black squares), 5.2-Cl (red circles), 5.2-Br 
(blue diamonds), 5.2-OAc (magenta down triangles), 5.2-O2CCF3 (green up 
triangles) and 5.2-N3 (grey left triangles) in a 1 mM [Fe] CH3CN solutions at -30° 
C. 
Figure 5.5:  p 166 
Electronic absorption spectra of 5.3 (black), 5.3-Cl (red), 5.3-OAc (magenta) and 
5.3-CF3CO2- (green) in a 0.6 mM [Fe] acetonitrile solution. 
Figure 5.6:  p 168 
Observed rate constants of 5.3-X complexes plotted vs. substrate concentration 
to obtain second-order rate constants (k2).  Triphenylmethane oxidation rate 
constants were determined for 5.3 (black squares), 5.3-Cl (red circles), 5.3-OAc 
(magenta down triangles) and 5.3-O2CCF3 (green up triangles) in a 1 mM [Fe] 
CH3CN solutions at -30° C. 
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Figure 5.7:  p 170 
Normalized second-order rate constants (k2’) of the oxidation of substrates by 5.2 
plotted vs. the bond dissociation energy of the substrates.  k2’ values are 
determined by dividing the k2 of a reaction by the number of C-H bonds available 
for oxidation.  Reactions were conducted in CH3CN at -30° C under pseudo-first-
order conditions.   
Figure 5.8:  p 172 
Gibbs Free energy of activation (ΔG‡ ) of triphenylmethane oxidation plotted vs. 
the energy of the near-infra red band of in the electronic absorption spectra of the 
ferryl complexes 5.2-X (black squares) and 5.3-X (red circles). 
Figure 5.9:    p 173 
Observed rate constants (kobs) of thioanisole oxidation by 5.2 plotted vs. 
thioanisole concentration to obtain second-order rate constants (k2).  The 
reactions were in a 0.2-1.0 mM [Fe] acetonitrile solutions. 
Figure 5.10:   p 174 
Observed rate constants (kobs) of triphenylmethane oxidation by 5.2 plotted vs. 
triphenylmethane concentration to obtain second-order rate constants (k2).  The 
reactions were in a 0.2-1.0 mM [Fe] acetonitrile solutions. 
Figure 5.11:  p 175 
Eyring plot of the oxdation of thioanisole (red circles) and triphenylmethane 
(black squares) by 5.2 in a 0.2-1 mM [Fe] acetontrile solution between 233-273 
K.  Eyring Y axis is equal to R(ln (k•h•kB-1•T-1) with the vairables defined in 
equation 5.1. 
Figure 5.12:   p 175 
Oxidation of rates of thioanisole by 5.2 (red dots) and 3 (black squares) in a 1 
mM [Fe] acetonitrile solution at -40° C.   
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Figure 5.13:   p 177 
Cyclic voltamagrams of an 1 mM [FeIITMG2dien(OTf)2] in acetonitrile (1.0 mM 
[Bu4N][PF6] as supporting electrolyte) in a N2(g) environment using a glassy 
carbon working electrode with a Pt wire as the auxiliary and reference electrodes.  
Potential is referenced to ferrocenium/ferrocene couple. 
Figure 5.14:   p 177 
Plot of the log k2 values for the oxidation of thioanisole by nonheme ferryl 
complexes at -10° C vs. the E1/2 of the FeIII/FeII of the Fe starting materials (vs. 
the ferrocenium/ferrocene couple).  Red circles: compounds 5.2 and 5.3; black 
squares: nonheme ferryl complexes supported by pentadentate ligands reported 
in reference 23.  The k2 value for thioanisole oxidation at -10° C by species 5.3 
was estimated by scaling the rate of thioanisole oxidation of 5.2 at -10° C with the 
ratio of the thioanisole oxidation rates of 5.2 and 5.3 at -40° C. 
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1.1 Scope and Aim of Dissertation  
Chapter 1 introduces nonheme iron enzymes and reviews previously 
published high-valent diiron model compounds. 
Chapter 2 investigates diiron compounds that activate the O-O bond of 
H2O2 to form high-valent species.8,27  Understanding how these systems activate 
H2O2 will provide insight into the activation of an O-O bond by diiron systems. 
Chapter 3 explores the diiron diamond core motif with X-ray 
crystallography and EXAFS analysis.  The structural features observed in the 
synthetic model complexes are compared to the models of the high-valent 
enzyme intermediates derived from computational and EXAFS techniques. 
 Chapter 4 examines the X-ray crystallography of the tetramethylcyclam 
ligand (TMC) that supported the well-characterized first FeIV=O species.17  The 
crystal structures of geometric isomers of the TMC supported ferryl species are 
investigated.  In addition, the crystal structure of the Sc3+ adduct of the 2003 
ferryl species 18 is reviewed and the oxidation state is re-assigned. 
Chapter 5 probes the reactivity of the first well-characterized S = 2 family 
of mononuclear FeIV=O complexes supported by the TMG2dien ligand.28  In it, 
reactivities of the cis substituted complexes are investigated to gain insight into 
how a ligand cis to the oxo affects the substrate oxidation rate.  Additionally, a 
parallel experiment on a series of S = 1 cis substituted ferry species is completed 
and compared to the series of S = 2 complexes. 
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1.2 Introduction 
1.2.1 Nonheme Iron Enzymes  
Nonheme iron enzymes perform a wide variety of chemical 
transformations.  These enzymes are categorized into mono- and di-nuclear 
active sites.1–3  Both types of enzymes support their iron centers with histidine 
and carboxylate amino acids (Figure 1.1).  The reactive intermediates of both 
mono and dinuclear enzymes are known to be oxoiron(IV) species (Figure 1.2), 
and are responsible for a deluge of life-sustaining and industrially important 
transformations.1–3 
 
Figure 1.1:  Active sites of nonheme iron enzymes.  Left: a mononuclear α-
ketoacid dependent dioxygenase 1 and right: a diiron enzyme from a family of 
enzymes that contain a common four-helix bundle supporting the active site.2 
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Figure 1.2:  Reactive oxoiron(IV) species of the enzymes: left- mononucelar α-
ketoacid dependent taurine dioxygenase intermediate J 1,3 and right: soluble 
methane monooxygenase (FeIVFeIV) and class Ia ribonucleotide reductase 
intermediate X (FeIVFeIII).  Both diiron enzymes are from a family of enzymes that 
contain a common four-helix bundle supporting the active site.2 
Mononuclear nonheme centers in biology catalyze many important 
reactions including the pterin-dependent hydroxylation with phenylalanine 
hydroxylase, antibiotic biosynthesis by isopenicillin N-synthase and clavaminate 
synthase, selective halogenation of a C-H bond with the enzymes CytC3 and 
SyrB2, oxidation of taurine by the α-ketoacid dependent taurine dioxygenase 
(TauD), anti-tumor activity of the cancer drug Bleomycin and the degradation of 
2,4-D (2,4-dichlorophenoxyacetic acid) by the α-ketoacid dependent enzyme 
TfdA.1,3,29–33  2,4-D is one of the most widely used herbicides in the world and an 
ingredient in Agent Orange.  In all cases, a FeIV=O, or ferryl, moiety is accepted 
as the active oxidant (Figure 1.2).3 
Dinuclear nonheme enzymes are involved in many diverse reactions and 
functions including fatty acid desaturation in Δ9 stearoyl-acyl carrier protein 
desaturase (Δ9D), regulation of cell proliferation in the biosynthesis of hypusine in 
human deoxyhypusine hydroxylase (hDOHH), biosynthesis of the antibiotic 
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chloramphenicol by the enzymes CmlP and CmlI and the production of fuel-
length hydrocarbons from aldehyde precursors by aldehyde decarbonylase.2,34–36  
One subset of diiron enzymes contain a common four-helix bundle that supports 
a diiron center coordinated by a histidine and carboxylate-rich center.2  Two well-
studied members from the four-helix bundle family of enzymes are soluble 
methane monooxygenase (sMMO) and subunit R2 of class Ia ribonucleotide 
reductase (RNR).  The enzyme sMMO selectively oxidizes methane to methanol 
and the enzyme RNR plays a vital role in the proliferation of eukaryotic cells by 
participating in the production of DNA from RNA.  These two enzymes activate 
O2 in a similar manner and form similar high-valent intermediates formulated as a 
{FeIV-(μ-O)2FeIV} and {FeIV-(μ-O)2FeIII} species for sMMO and RNR, respectively 
(Figure 1.2).2  Clearly, studying the mono and dinuclear high-valent species is of 
utmost interest to understand these important reactions. 
1.2.2 High-Valent Diiron Model Complexes 
Synthetic model compounds have made important contributions to 
understanding of many nonheme enzyme systems.  The model systems have 
provided important spectroscopic and structural models that have helped identify 
important structural features for the enzyme systems.  Additionally, the enzyme 
structure-function relationships controlling the difficult transformations have been 
investigated with the model systems.  Detailed reviews of mono-iron high-valent 
nonheme model complexes exist,37,38 but few are available for their diiron 
counterparts and the high-valent diiron species are summarized here with 
spectroscopic properties listed in Table 1.1. 
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Table 1.1: Spectroscopic Properties of High-Valent Nonheme Model Complexes 
Complex: λ (nm), 
(ε M-1, cm-1) 
S(total), g (G) E/D δ 
(mm/s) 
ΔEQ 
(mm/s) 
D (cm-1) ref 
[FeIV-(μ-O)2FeIII(TPA)2]3+ 614 (3500) 3/2, 
4.40, 3.95, 2.00 
0.04 0.11 0.53 - 39,40 
[FeIV-(μ-O)2FeIII(5-Me3TPA)2]3+ 370 (8000) 
615 (5000) 
3/2, 
4.45, 3.90, 2.01 
0.04 0.12 0.49 30 40 
[FeIV-(μ-O)2FeIII(5-Et3TPA)2]3+ 614 (3200) 3/2 
4.45, 390, 2.01 
0.041 - - 37.9 4,41,42 
[FeIV-(μ-O)2FeIII(SR3TPA)2]3+, 5A 350 (10000)sh 
620 (5300) 
3/2 
 
- 0.12 0.44 - 8 
 
[O=FeIV-μ-O-FeIII(6-MeTPA)2]3+ ~350 (8000) ½, 
2.00 (57Fe and 17O 
broadening) 
- FeIII 0.48 
FeIV 0.08 
FeIII 1.6 
FeIV 0.5 
- 43 
[O=FeIV-μ-O-FeIII-(OH2)(6-
Me3TPA)2]3+ 
- ½, 
1.999 
- FeIII 0.50 
FeIV 0.10 
FeIII 1.3 
FeIV 1.14 
- 44,45 
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Table 1.1: Continued  
Complex: 
λ (nm), 
(ε M-1, cm-1) 
S(total), g (G) E/D δ (mm/s) ΔEQ (mm/s) D (cm-1) ref 
{FeIVFeIII(ArTolCO2)4}  ~670 (1700) ½, 
1.986, 1.997, 2.011 
- FeIII 0.55 
FeIV 0.12  
FeIII 0.80 
FeIV 0.90 
- 5,46 
[FeIV-(μ-O)-(μ-OAc)2-FeIII(W1)2]3+ 315 (8600)sh 
566 (1000) 
912 (650) 
3/2 (65%), (FeIV S=1) 
1.990, 1.990, 1.975 
½ (35%) (FeIV S=2) 
2.411, 1.921, 1.685 
0.028 FeIII 0.36 
FeIV 0.05 
FeIII 0.38 
FeIV -0.10 
FeIII -0.49 
FeIV 1.114 
FeIII -0.85 
FeIV 0.86 
8.05 
(S = 3/2) 
6 
[FeIV-(μ-O)-(μ-OAc)2-FeIII(W2)2]3+ 330 (10100)sh 
571 (1100) 
904 (600) 
3/2,  
1.971, 1.971, 1.971 
0.025 FeIII 0.44 
FeIV 0.026 
FeIII -0.57 
FeIV 1.74 
6.4 6 
 
[FeIV-(μ-O)-(μ-OAc)2-FeIII(W3)2]1+ 388 (6500) 
445 (6000)sh 
868 (250) 
3/2. 
1.980, 1.980, 1.980 
0.077 FeIII 0.45 
FeIV 0.00 
FeIII -0.48 
FeIV 1.07 
5.3 6 
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Table 1.1: Continued  
Complex: 
λ (nm), 
(ε M-1, cm-1) 
S(total), g (G) E/D δ (mm/s) ΔEQ (mm/s) D (cm-1) ref 
[FeIV-(μ-O)-(μ-OAc)2-
FeIII(W2)(W3)]2+ 
297 (11300) 
364 (7600) 
416 (7600) 
552 (1200)sh 
759 (210) 
3/2, 
2.000, 2.000, 1.975 
0.050 FeIII 0.45 
FeIV 0.03 
FeIII -0.50 
FeIV 1.67 
3.83 (FeIII) 
3.74 (FeIV) 
6 
[FeIV-(μ-O)-FeIII-(μ-CXA)2]3+ 550 (1800) 
878 (770) 
- - 0.07 1.57 - 9 
[FeIV-(μ-O)-FeIII-(μ-CXA)2]4+ ~575 (6000)sh 0 - -0.05 2.14 - 9 
[FeIV2-(μ-O)(TAML)2]2- ~430 (~14000) 
542 (7500) 
856 (5400) 
0 - -0.07 3.3 - 7 
        
[FeIV2-(μ-O)(TAML-OMe)2]2- ~430 (~14000) 
542 (8800) 
856 (6600) 
0 - -0.03 3.00 - 7 
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Table 1: Continued 
Complex: 
λ (nm), 
(ε M-1, cm-1) 
S(total),  
g (G) 
E/D δ (mm/s) ΔEQ (mm/s) D (cm-1) ref 
[FeIV2-(μ-O)2(SR3TPA)]4+, 4A 485 (9800) 
875 (2200) 
0 - -0.04 +2.09 - 8,27 
[O=FeIV-μ-O-FeIV-
OH(SR3TPA)2]3+ 3A 
705 (2500) 
620 (2200)sh 
2 (2 S = 1 FeIV) FeIVoxo 0 
FeIVOH 0.28 
FeIVoxo -0.03 
FeIVOH  0.0 
FeIVoxo +0.92 
FeIVOH +1.96 
FeIVoxo 27 
FeIVOH  17.7 
13,27,47 
[O=FeIV-μ-O-FeIII-
OH(SR3TPA)2]2+ 6(OH)A 
~410 
(~3500)sh 
½,  
2.002  
(57Fe broadening) 
- 
 
FeIII 0.40 
FeIV 0.09 
FeIII -0.60 
FeIV -0.40 
- 13,15,48 
[O=FeIV-μ-O-FeIII-F(SR3TPA)2]2+ 
6(F)A 
~390 (~5500) ½, 
1.99, 2.02, 2.02  
(19F hyperfine 
interactions) 
- FeIII 0.45 
FeIV 0.10 
FeIII 1.50 
FeIV 0.60 
- 15,48 
 
[FeIV=O(NCMe)(Sr3TPA)]2+ - 1 0 0.01 +0.95 27 13,27,47 
[O=FeIV-μ-O-FeIII-
OMe(SR3TPA)2]2+ 6(OMe)A 
400 (5500)sh ½,  
2.00  
(57Fe broadening) 
- - - - 14,15 
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Table 1: Continued 
Enzyme Intermediate: 
λ (nm), 
(ε M-1, cm-1) 
S(total),  
g (G) 
E/D δ (mm/s) ΔEQ 
(mm/s) 
D (cm-1) ref 
[O=FeIV-μ-O-FeIV=O(SR3TPA)2]2+ 
7Atrans 
450 (~6000) 0 - 2(S = 2),  
0.14  
2(S = 2),  
+0.52 
- 49 
[O=FeIV-μ-O-FeIV=O(SR3TPA)2]2+ 
7Asyn 
450 (~6000) 3, (S = 2, S = 1) 
2.00 
0.288 S = 1, -0.02 
S = 2, 0.14 
S = 1, -1.17 
S = 2, -0.82 
2.28 49 
[O=FeIV-μ-O-FeIV=O(6-HPA)]2+ - i 0 (2 S = 2) - 0.13 0.44 - 10,11 
[O=FeIV-μ-O-FeIV=O(BPG2E)]2+ - i 0 (2 S = 2) - 0.13-0.26 0.40-0.55 - 12 
 
sMMO-Q  
(Methylosinus trichosporium) 
 
Methylococcus capsulatus 
330 (7500) 
430 (7500) 
 
420 (8400) 
0 (2 S = 2) 
 
 
0 (2 S = 2) 
- 
 
 
- 
0.17 
 
 
0.21, 0.14 
0.53 
 
 
0.68, 0.55 
- 
 
 
- 
50–52 
 
53,54 
RNR-X  ½  
2.007, 1.999, 1.994 
57Fe detected by ENDOR 
- FeIII 0.56 
FeIV 0.26 
FeIII -0.90 
FeIV -0.60 
- 55,56 
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Table 1 continued: 
 
Complex: 
Fe-Fe (Å) 
Fe-O (Å) 
E1/2 (V) 
(Fc+,0) 
ν cm-1, (18O) 
rRaman 
Edge 
(eV) 
Pre-edge (eV);  
Area (total) 
ref 
[FeIV-(μ-O)2FeIII(TPA)2]3+ - 1.05 e 666 (638) 
416 (408) 
- - 39,40 
[FeIV-(μ-O)2FeIII(5-Me3TPA)2]3+ 2.89c 
1.77c 
0.96 e 656, 676 f (634) 7126 g - 40 
[FeIV-(μ-O)2FeIII(5-Et3TPA)2]3+ 2.683(1)d 
1.805(3)d 
2.60c 
1.81c 
- 666 f (635) 
411 (396) 
 
- - 4,41,42 
[FeIV-(μ-O)2FeIII(SR3TPA)2]3+, 5A - 0.270-0.490 j 655, 667 f (628) 7129.0b - 
(19.7) 
8 
[O=FeIV-μ-O-FeIII(6-MeTPA)2]3+ - - - - - 43 
[O=FeIV-μ-O-FeIII-(OH2)(6-Me3TPA)2]3+ - - 840 (794) - - 44,45 
{FeIVFeIII(ArTolCO2)4}  - - - - - 5,46 
[FeIV-(μ-O)-(μ-OAc)2-FeIII(W1)2]3+ - 1.23a - - - 6 
[FeIV-(μ-O)-(μ-OAc)2-FeIII(W2)2]3+ 3.173(10)
c 
1.725(15)
c 
1.48a - 7123.2b 7111.8, 7113.2; 
3.5, 6.3 (9.8) 
6 
[FeIV-(μ-O)-(μ-OAc)2-FeIII(W3)2]1+ - 1.64a - - - 6 
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Table 1 continued: 
 
Complex: 
Fe-Fe (Å) 
Fe-O (Å) 
E1/2 (V) 
(Fc+,0) 
ν cm-1, (18O) 
rRaman 
Edge 
(eV) 
Pre-edge (eV);  
Area (total) 
ref 
[FeIV-(μ-O)-(μ-OAc)2-FeIII(W2)(W3)]2+ - 1.35a - - - 6 
[FeIV-(μ-O)-FeIII-(μ-CXA)2]3+ 3.07 c 
1.71 c 
- - 7124.9 - 9 
[FeIV-(μ-O)-FeIII-(μ-CXA)2]4+ 3.08 c 
1.70 c 
+1.50 - 7125.6 - 9 
[FeIV2-(μ-O)(TAML)2]2- 3.3497(9)
d 
1.7284(8)
d 
-0.23 e - - - 7 
[FeIV2-(μ-O)(TAML-OMe)2]2- 3.3834(8)
d 
1.730(2)d 
1.744(3)d 
- - - - 7 
[FeIV2-(μ-O)2(SR3TPA)]4+, 4A 2.73c 
1.77c 
0.76 e 674 (644 2-18O) 
(665 16O18O) 
7130.1b 7113.7, 7117.9;  
13.8, 5.2 (19.0) 
8,27 
[O=FeIV-μ-O-FeIV-OH(SR3TPA)2]3+ 3A 1.66c 
3.32c 
0.270-0.490 
j 
- 7128.8b 7113.6, 7116.2 7119.2; 
24.1, 5.8, 11.6 (41.5) 
13,27,47 
[O=FeIV-μ-O-FeIII-OH(SR3TPA)2]2+ 
6(OH)A 
- 0.270-0.490 
j 
- - - 13,15,48 
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Table 1 continued: 
 
Complex: 
Fe-Fe (Å) 
Fe-O (Å) 
E1/2 (V) 
(Fc+,0) 
ν cm-1, (18O) 
rRaman 
Edge 
(eV) 
Pre-edge (eV);  
Area (total) 
ref 
[O=FeIV-μ-O-FeIII-F(SR3TPA)2]2+ 6(F)A 3.56c 
1.66c 
- - 7124.8,h 
7128.6 h 
7113.8, 7115.5, 7117.1; 
13.4, 7.5, 3.9 (24.8) 
15,48 
[FeIV=O(NCMe)(Sr3TPA)]2+ - 0.270-0.490 j - - - 13,27,47 
[O=FeIV-μ-O-FeIII-OMe(SR3TPA)2]2+ 
6(OMe)A 
- - - - - 14,15 
[O=FeIV-μ-O-FeIV=O(SR3TPA)2]2+ 
7Atrans 
- - - - - 49 
[O=FeIV-μ-O-FeIV=O(SR3TPA)2]2+ 7Asyn - - - - -  
[O=FeIV-μ-O-FeIV=O(6-HPA)]2+ - - 820 (777) 
529 (506) 
- - 10,11 
[O=FeIV-μ-O-FeIV=O(BPG2E)]2+ - - 810 (774)k - - 12 
sMMO-Q  
(Methylosinus trichosporium) 
 
Methylococcus capsulatus 
2.46c 
1.77c 
 
- 
- 
 
 
- 
690 (654 2-18O) 
(673 16O18O) 
 
- 
- 
 
 
- 
- 
 
 
- 
50–52 
 
53,54 
RNR-X 2.79c 
1.75c 
- - - - 55,56 
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Table 1 Key: 
 
a = anodic peak only; b = edge energy was taken as the maximum of the first derivative of the rising edge, c = Determined 
by EXAFS, d Determined by XRD; e = determined by CV; f = Fermi doublet; g = calibrated by 1s-3d peak in [E4N][FeCl4], 
h two maxima observed in first derivative;  i = peroxo spectrum reported;  j = determined by chemical oxidants; k = 
vibrational data from an IR experiment on a solid state sample;   
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The first high-valent nonheme iron model species synthesized has an 
intense green color (λmax = 614 nm) and is supported by the TPA ligand (Figure 
1.3, TPA = tris(2-pyridylmethyl)amine).39  This species is derived from a diferric 
starting material and H2O2 and exhibits a low isomer shift of δ = 0.11 mm/s in its 
Mössbauer spectrum and signals at gx = 3.95, gy = 4.40 and gz = 2.00 in the 
electron paramagnetic resonance (EPR) spectrum consistent, with an S = 3/2 
species.39  This first high-valent nonheme model compound was obtained in a 
relatively low yield and no structural data could be obtained.  The authors drew 
upon previous work by the porphyrin chemists and proposed the high-valent 
species to be a mononuclear FeIV=O ligand-radical.39,57  A few years later, the 
ligand supporting the green high-valent model complex was modified by adding 
either methyl or ethyl groups to the pyridinyl rings of the unsubstituted ligand 
(Figure 1.3).  The lifetime of the green species was increased and this facilitated 
its further characterization.4,40  Importantly, the spectroscopic characteristics 
were nearly identical.  The green species was later identified as the first high-
valent Fe2(μ-O)2  four-membered ring, which was entitled as a diamond core 
(Figure 1.3).   A short Fe-Fe scatterer identified in the EXAFS data at 2.6 Å and a 
crystal structure with an Fe-Fe distance of 2.683(1) are signature characteristics 
of this core moiety.4,40  Additionally, two vibrational modes at ~660 and ~ 410 cm-
1 were assigned to the diamond core in the resonance Raman spectrum, and 
these vibrations became ubiquitous with complexes having the Fe2(μ-O)2 core 
motif.39,40,42  A mixed-valence S = 3/2 assignment, resulting from S = 1/2 and S = 
1 Fe centers coupling through a double exchange pathway, was assigned to the 
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green species using electronic absorption spectroscopy, magnetic circular 
dichroism, EPR and electronic structure calculations.41,42   A Cu2O2 diamond core 
was also identified, which shared similar resonance Raman and EXAFS 
characteristics with the FeIVFeIII diamond core.58  In addition to Cu cores, other 
late transition metal cores were identified including Co and Ni.59  The diiron 
diamond core characteristics of the green species aided the identification of the 
same moiety in the reactive intermediates of soluble methane monooxygenase 
intermediate Q (sMMO-Q) and RNR intermediate X (RNR-X).51,60 
 
Figure 1.3: Top: the crystal structure of the first high-valent diiron complex with 
an Fe2O2 core.  Ellipsoids are drawn to the 50% probability level; hydrogen 
atoms are removed for clarity and atom colors are: carbon- blue, nitrogen- lilac, 
oxygen- red, iron- orange.4   Bottom left- ligands used in the initial model 
complexes of nonheme enzymes; bottom right- high-valent diiron diamond core. 
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Two related mixed-valent FeIVFeIII species were produced from the 
oxidation of the diferric starting materials by H2O2, electrochemical methods or 
one-electron chemical oxidants.43–45  These brown mixed-valent species were 
supported by a variation of the ligand TPA with one or all of the pyridines having 
a methyl group substituted in the 6-position (Figure 1.4).  The substitution of the 
sixth position of the pyridine group was shown to increase the Fe-N bond length, 
lowering the ligand field strength and resulting in a high-spin Fe atom.61  The 6-
MeTPA version had an intense electronic absorption feature around 350 nm.  
The lower ligand field of the FeIVFeIII complexes supported by the 6-MexTPA 
ligands resulted in two electronically distinct Fe environments.  Two separate 
quadrupole doublets were observed in the Mössbauer spectrum with an isomer 
shift δ ≈ 0.1 and 0.5 mm/s, consistent with localized FeIV and FeIII centers, 
respectively.43–45  Importantly, a signal in the EPR spectrum at g = 2.00 was 
identified and was consistent with an S = ½ spin state.  Through an exchange 
coupling pathway, the S = 5/2 FeIII center and the S = 2 FeIV center formed an 
overall S = 1/2 spin state.  The S = ½ spin state also matched the EPR signal of 
RNR-X.43–45  Resonance Raman spectroscopy was performed on the brown 
species supported by the 6-Me3TPA ligand and a vibration at 840 cm-1 was 
observed that shifted to 794 cm-1 when the isotope 18O was used in the synthetic 
procedure.  The vibration was assigned to a terminal LFeIV=O, with an –O-FeIIIL 
moiety as the sixth ligand using extensive isotope labeling studies (Figure 1.4, L 
= 6-Me3TPA).  The O=FeIV-O-FeIII-X unit provided a second structural model for 
nonheme enzymes and complexes (Figure 1.4).  Importantly, the brown species 
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was able to be formed from the decay of a well-characterized diferric-peroxo 
species upon addition of acid.44  This conversion mimicked the important O-O 
bond breaking step in nonheme diiron enzymes.2 
 
Figure 1.4: Left: TPA variations that support high-valent high-spin diiron 
compounds; Right: proposed core structure of the S = ½ FeIVFeIII nonheme 
model complex. 
Lippard’s group advanced high-valent diiron model complex chemistry by 
synthesizing multiple FeIVFeIII complexes supported by bulky carboxylate ligands 
(ArTolCO2, Figure 1.5).5,46  The complex was synthesized from a diferrous 
precursor oxidized by dioxygen and was formed at -78° C.  This well 
characterized complex had isomer shifts of δ = 0.14 and 0.55 mm/s in the 
Mössbauer spectrum and a signal at g = 1.986, 1.999 and 2.011 in the EPR 
spectrum consistent with an S = ½ spin state.  Overall this species was an 
excellent spectroscopic and functional model of RNR Intermediate-X.5,46 
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Figure 1.5: Proposed structure of an FeIVFeIII complex supported by bulky 
carboxylates (ArTolCO2) synthesized by the Lippard group.5 
The Wieghardt group synthesized a series of FeIVFeIII compounds that 
contained an interesting {FeIV(µ-O)( µ-carboxylato)2FeIII}3+ core (Figure 1.6), and 
were supported by both symmetric and asymmetric ligand environments.6  In all 
cases, the electronic structure of the FeIVFeIII cores were assigned as class II 
mixed-valence centers based on a low energy intervalence-charge-transfer-band 
in the electronic absorption spectra and distinct isomer shifts for the Fe centers at 
δ = -0.1 – 0.05 mm/s for the FeIV center and δ = 0.36 – 0.45 mm/s for the FeIII 
center.6  The highest populated spin state was 3/2 in all cases.  However, one 
compound supported by the [9]aneN3 ligand had a low-lying S = 1/2 spin state.  
The cores represent another bonding motif in nonheme iron coordination 
chemistry.6 
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Figure 1.6: Mixed-valent FeIVFeIII species supported by symmetric and 
asymmetric ligand environments synthesized by the Wieghardt group.6 
The next major milestone was when Collins published the first (μ-
oxo)diiron(IV) model complexes (Figure 1.7).7  Exposing five-coordinate ferric 
complexes supported by the tetraanionic TAML ligands to oxygen resulted in the 
formation of the [(TAML)FeIV(µ-O)FeIV(TAML)]2- species.  Two variants were 
crystallographically characterized and contained linear FeIV-O-FeIV cores with 
1.728-1.744 Å Fe-μ-O bond lengths.  The low isomer shift values of the 
complexes at δ = -0.03 to -0.07 confirmed the FeIV oxidation state for both Fe 
atoms.  Interestingly, the FeIV2/FeIVFeIII couple was found to be -0.23 V vs Fc/Fc+ 
for the species X = H (Figure 1.7).  The low redox potential was due to the 
tetraanionic ligand, which almost certainly facilitated the crystallization of the 
complex.  Although not a strict structural model of enzyme active sites, the 
TAML-based high-valent species was shown to be catalytically active, using 
dioxygen as an oxidant, for the transformation of benzyl alcohols to ketones and 
Ph3P to Ph3P=O.7 
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Figure 1.7:  X-ray crystal structure and diagram of first diiron(IV) bis-µ-oxo 
complex.7  The TAML ligand is tetraanionic and X = H or OMe, with X = H shown 
in the crystal structure.  Ellipsoids are drawn to the 50% probability level, 
hydrogen atoms are removed for clarity and atom colors are: carbon-blue, 
nitrogen- lilac, oxygen- red and iron-orange. 
Xue, Que and coworkers prepared the first bona fide high-valent diamond 
core model complex (4A, Figure 1.8, Scheme 1.1) by bulk electrolysis at -40° C 
of an [FeIV(µ-O)2FeIII]3+ precursor at 760 mV vs. Fc.  The [FeIV(µ-O)2FeIV]4+ core 
was supported by a highly-substituted TPA variant (Figure 1.8, SR3TPA = tris(4-
methoxy-3,5-dimethylpyridylmethyl)amine, Ligand A).8   This red species had 
electronic absorption bands around 485 and 875 nm.  The EXAFS data was 
modeled with an Fe-Fe scatterer at 2.73 Å and two short Fe-O scatterers at 1.77 
Å and is consistent with a diamond core moiety.  Additionally, a vibration in the 
resonance Raman spectrum was observed at 674 cm-1, and was consistent with 
vibrations previously observed for other complexes with FeIVFeIII diamond 
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cores.4,8,62  A single quadrupole doublet with δ = -0.04 mm/s and ΔEQ = +2.09 
mm/s in the Mössbauer spectrum was assigned to two strongly coupled S = 1 Fe 
atoms for an overall spin of S = 0.8  Species 4A directly oxidized the C-H bond of 
9,10-dihydroanthracene (DHA) and the Fe complex was converted directly to the 
one-electron reduced FeIVFeIII core with all oxidizing equivalents accounted for in 
the oxidation products of DHA.  Additionally, the FeIVFeIII species was also able 
to oxidize DHA at a rate 10 times slower than 4A due to its lower redox 
potential.8 
 
Figure 1.8: Diiron(IV) cores.  Left: First diiron(IV) diamond core model complex 
supported by ligand A (tris(4-methoxy-3,5-dimethylpyridylmethyl)amine or 
SR3TPA).8  Right: Second diiron(IV) core supported by carboxamido bridging 
ligands (CXA).9 
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Scheme 1.1: Synthetic scheme of high-valent diiron complexes supported by ligand A (tris(4-methoxy-3,5-
dimethylpyridylmethyl)amine).  
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A more reactive FeIV2O species was reported a few years later, which was 
supported by two pentadentate bridging ligands in a N-rich and carboxamido 
donor environment (CXA, Figure 1.8).9  This species was also produced by bulk 
electrolysis, and had a relatively featureless electronic absorption spectrum 
resulting in its black color.9  This species had an isomer shift of δ = -0.05 mm/s 
and an FeIV2/FeVIFeIII redox couple at 1.50 V vs. Fc+/Fc.  The black species could 
oxidize substrates with C-H bonds as strong as cyclohexane (99 kcal/mol) and 
quantitatively formed a one-electron reduced FeIVFeIII species.  This FeIVFeIII 
species was also formed by bulk electrolysis at a potential of 0.70 V vs. Fc+/Fc 
and had an electronic absorption spectrum with features at 550 and 878 nm.  
Interestingly, one Mössbauer quadrupole doublet was observed for the {FeIV-O-
FeIII(CXA)2} at δ = 0.07 mm/s, which indicated the electron was delocalized over 
both Fe atoms.9 
A steady stream of additional high-valent nonheme iron model complexes 
was reported and their abbreviations are summarized in Scheme 1.1.  A diiron 
species with a core {O=FeIV-O-FeIV-OH} (3A) was synthesized by adding H2O2 to 
the diferric precursor (1A, Scheme 1.1) at -40° C.27  The electronic absorption 
spectrum of 3A had broad features at around 600 and 700 nm,27 and resembled 
a peroxo species.5,44,63–68  However, further investigation of 3A by Mössbauer 
spectroscopy yielded two quadrupole doublets that had isomer shifts of δ = -0.03 
and 0.00 and quadrupole splittings of ΔEQ = 0.92 and 1.96 mm/s, respectively, 
and was consistent with two separate FeIV environments.  Interestingly, an 
overall S = 2 spin state was observed for 3A and was due to ferromagnetic 
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coupling of the two S = 1 FeIV centers according to a thorough Mössbauer and 
DFT study.47    An open-core {O=FeIV-O-FeIV-OH} formulation was determined 
based on an Fe-Fe scatterering distance of 3.32 Å and two Fe-O scatterers at 
1.65 and 1.80 Å assigned as a terminal oxo and a -μ-oxo, respectively.  The 
open core formulation was also supported by 18O isotope labeling studies.27  A 
combined magnetic circular dichroism and DFT study found that the FeIV=O 
center in 3A was very similar to the mononuclear FeIV=O species supported by 
ligand A.69  A quadrupole doublet in the Mössbauer spectrum of the mononuclear 
FeIV=O species supported by ligand A had an isomer shift of δ = 0.01 mm/s and 
a quadrupole splitting of ΔEQ = +0.95; these values were very close to one of the 
quadrupole doublets in the spectrum of 3A, consistent with the MCD study.27,69  
The species 3A was able to oxidize H2O2 to form 5A, which complicated the 
synthetic procedure of 3A, 27 vide infra.  Additionally, 3A could be protonated to 
form 4A, the complex with a [FeIV2O2]4+ diamond core.27  This was the first report 
of a diiron complex activating the O-O bond of H2O2 to form an observable high-
valent species like that in sMMO-Q.2,27,70 
Three related mixed-valence open core species supported by ligand A 
were reported and were formulated as {O=FeIV-O-FeIII-X} (Scheme 1.1).13,14,48  
The mixed-valence open core species 6(OH)A was prepared in situ by either 
adding 1 eq. ferrocene to 3A or adding –OH to a solution of 5A.13  Both methods 
used low temperatures in the range of -60°C to -80°C to improve the yields of the 
6(OH)A, which has a limited lifetime due its high C-H bond reactivity, vide infra.  
The two additional mixed-valence open-core species were synthesized by adding 
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1.5-5 eq of the desired Lewis base (X) to a solution of 5A at -80° C.  The three 
6(X)A species had distinct spectroscopic characteristics (Table 1.1).14,48  The 
Mössbauer spectrum of 6(OH)A and 6(F)A showed two quadrupole doublets with 
isomer shifts δ ≈ 0.10 and 0.45 for the FeIV and FeIII centers, respectively.13,48  
The g values for the three 6(X)A species were found to be very close to 2.00.  
Broadening of the EPR spectra in samples prepared with 57Fe were observed for 
the 6(OH)A and 6(OMe)A species and distinct 19F superhyperfine splitting was 
observed in the 6(F)A EPR spectrum showing that the unpaired spin density was 
on the Fe atom in all three cases.13,14,48    The EPR and Mössbauer spectra of 
the 6(X)A complexes were consistent with the mixed-valence brown species 
{LFeIII-O-FeIV=O} isolated over a decade before with distinct oxidation states of 
the iron atoms.45  The overall S = ½ spin state is consistent with 
antiferromagnetically coupled S = 2 FeIV and S = 5/2 FeIII centers.13,14,48  
Additionally, structural insights into the 6(X)A complexes were obtained using 
ENDOR, EXAFS and DFT.  Experimental evidence for the 6-membered ring of 
the Fe, O and H-Bonded proton of 6(OH)A was observed using 1H ENDOR 
spectroscopy.  An Fe-O-Fe angle of around 130° and a FeIV=O......H-O-FeIV 
interaction was observed, consistent with earlier DFT calculations (Scheme 
1.1).48,71  The compound 6(F)A was studied with XAS and an intense outer-shell 
scatterer was observed in the Fourier transform of the EXAFS data.  The EXAFS 
data was modeled with an Fe-Fe scatterer at a distance of 3.56 Å and two Fe-O 
scatterers at distances of 1.66 and 1.83 Å assigned to the Fe=O and Fe-μ-O 
bonds, respectively; this assignment was consistent with a nearly linear Fe-O-Fe 
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moiety (Scheme 1.1).15  An anti- geometry was assigned to the F-FeIII-O-FeIV=O 
moiety to account for the EXAFS data and was corroborated by DFT 
calculations.15  A linear Fe-O-Fe moiety with an anti- configuration was also 
assigned to 6(OMe)A based on DFT and reactivity studies (vide infra Scheme 
1.1).14 
The most recent advances in nonheme enzyme model complexes were 
consecutive reports of diferryl species supported by similar ligand systems 
(Scheme 1.1, Figure 1.9).11,12,49  Previously, Kodera et al. showed that a diferric-
peroxo species supported by a di-nucleating ligand was involved in catalytical 
substrates oxidation.  The peroxo system incorporated 18O from labeled H218O2 
or labeled starting material {Fe-18O-Fe} into the oxidation product.  A diferryl 
species was proposed to account for the labeling result (Figure 1.9).10  
Remarkably, the Kodera group was able to demonstrate reversible O-O bond 
cleavage of a diferric-peroxo species supported by two different ligand systems 
(Figure 1.9).11,12  The transformation was monitored by Mössbauer spectroscopy 
and was observed only on solid samples (not in frozen solutions).  Starting at ~25 
K, two quadrupole doublets were observed with isomer shifts δ ~0.4 and ~0.2 
mm/s, consistent with a diiron-peroxo species and an S = 2 ferryl species, 
respectively.11,12  As the temperature increased, the intensity of the 0.4 mm/s 
doublet decreased with concomitant increase in the intensity of the 0.2 mm/s 
signal, consistent with a diferryl species being formed from a peroxo species.  
When the temperature was lowered, the intensity of the peroxo species 
increased and that from the ferryl species decreased.  These observations are 
 28 
consistent with the O-O bond of the peroxo species breaking and reforming 
(Figure 1.9).11,12  In both ligand systems, the solution electronic absorption 
spectra were reported to be consistent with a diferric-peroxo species with broad 
bands around 600 nm.11,12  The diiron systems were studied with resonance 
Raman spectroscopy.  An 820 cm-1 vibration was observed in the resonance 
Raman spectrum of the 6-HPA system that red-shifted 43 cm-1 when H218O2 was 
used in the synthetic procedure.  The vibration was assigned as an Fe=O 
vibration because the energy was closer to previously reported Fe-O stretches 
compared to O-O stretches.  The shift due to 18O incorporation was larger than 
expected and was rationalized as coupling between the Fe-O stretch and the Fe-
O-Fe vibrational mode.  To definitively assign the vibration as an Fe-O stretch, 
the mixed-isotope complex vibrations should be studied and appropriate shifts 
should be observed.11,45  A second ligand system (BPG2E) was also studied with 
vibrational spectroscopy.  A vibration at 835 cm-1 was observed in the resonance 
Raman spectrum of the BPG2E species.  The 835 cm-1 vibration red-shifted 49 
cm-1 when prepared with the 18O isotope, and was consistent with an O-O stretch 
of a diiron peroxo species.11,72  Infrared spectroscopy (IR) was performed on the 
BPG2E species.  A vibration at 810 cm-1 was observed in the IR spectrum that 
shifted to 774 cm-1 and was assigned to the FeIV=O stretch.12  In both Kodera 
systems, the cleavage of the O-O bond is believed to be the rate determining 
step of the catalytic oxidation, consistent with the diferryl species reacting with 
substrate before any measureable amount of the ferryl species accumulated.10–12  
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The ability of the Kodera system to reversibly break the O-O bond is an important 
milestone in modeling protein and enzyme systems. 
 
Figure 1.9: Top: di-nucleating ligands used by the Kodera group to support a 
diferryl model complex; Bottom: reversible O-O bond formation and formation of 
a diferryl species.10–12   
The Münck and Que groups reported a different diferryl species when 3A 
was deprotonated with base (OH-, F- or tetramethylimidazole) to form species 
7A.49  3A was reversibly formed almost quantitatively when 7A was protonated 
with HClO4 (Scheme 1.1).  Interestingly, two distinct isomers of 7A were 
identified, as indicated by the three quadrupole doublets found in the Mössbauer 
spectrum; one isomer was in fact EPR active.49  One quadrupole doublet had an 
isomer shift of δ = 0.14 mm/s and a quadrupole splitting of ΔEQ = +0.52 mm/s 
and was consistent with two antiferromagnetically coupled S = 2 centers, with an 
overall spin state of S = 0.  The second isomer of 7A had two Fe environments 
with isomer shifts of δ = -0.02 and 0.14 mm/s and quadrupole splitting values of 
ΔEQ = -1.17 and -0.82 mm/s, consistent with S = 1 and S = 2 ferryl centers, 
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respectively.  A signal at g = 2.00 was observed in the parallel mode EPR 
spectrum for the second isomer of 7A, consistent with an overall spin state of S = 
3.49  Small differences in the concentration of water were hypothesized to change 
the H-bonding interactions with the ferryl oxygen atoms resulting in two diferryl 
species.49  Even though the two diferryl model systems have similar 
spectroscopic properties compared to sMMO-Q, Stoian, et al. cautioned that the 
electronic environment of sMMO-Q may still be significantly different because of 
the lack of O-atom donors in the model systems compared to the O-rich 
environment of sMMO-Q.49 
The family of high-valent diiron complexes exhibit large differences in C-H 
bond oxidation rates (Figure 1.10, Scheme 1.1) and the results are listed in Table 
1.2.  The DHA oxidation rate of the S = 1 open-core species 3A was about 250 
times faster than 4A.8,13  The substrate oxidation rate of the open core 3A was 
hypothesized to be more reactive than the diamond core 4A based on two 
principles:  1) the higher basicity or spin density on the FeIV=O of 3A would result 
in a stronger O-H bond relative to 4A,8,73,74 and 2) breaking two Fe-O(H)-Fe 
bonds in the diamond core species 4A would be less favorable compared to 
breaking only one Fe-OH bond in the open-core species 3A.74  Strikingly, the 
reduction of 3A by one electron to form 6(OH)A increased the reaction rate by 
1000 times.13  The spin state for the FeIV=O moiety in the dinuclear complex 
changes from S = 1 in 3A to S = 2 in 6(OH)A.13,27,47  This remarkable observation 
provided strong evidence computational insights that S = 2 FeIV=O units are 
much more reactive than S = 1 units.75–77  The increased rate of substrate 
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oxidation by 6(OH)A is consistent with a 200-fold enhancement of the ability of 
5A to oxidize strong C-H bonds when water is present.74  The substitution of the 
hydroxo ligand in 6(OH)A with fluoride and methoxide Lewis bases lead to 
increased reactivities of an additional factor of 10.14,15  This rate increase was 
attributed to the lack of a hydrogen bond for the 6(F)A and 6(OMe)A 
species.14,15,71  Although the HAT reactivity of 7A was not reported, the short 
lifetime and high-spin nature suggests the possibility of at least a statistical 
doubling of the reactivity compared to 6(OMe)A because of the presence of two 
FeIV=O moieties in 7A.49   
The reactivities of high-valent diiron compounds supported by ligand A 
span seven orders of magnitude (Figure 1.10).  This series of high-valent diiron 
complexes provides a framework to help understand structure-function 
relationships of high-valent diiron species. Importantly, this is the only system to 
date able to activate H2O2 to form a high-valent species that can directly oxidize 
C-H bonds. 
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Figure 1.10: Rate constants (M-1s-1) displayed on the log10 scale of the oxidation 
of 9,10-dihydroanthracnene (DHA, black columns) and 
diphenyl(pentafluorophenyl)phosphine (PPh2(C6F5), red columns) by high-valent 
iron complexes supported by ligand A at -80° C.  From references 13–15. 
Oxygen atom transfer (OAT) reaction rates for this set of high-valent diiron 
complexes tracked mostly across the oxidation state and were not dependent on 
spin-state.13  However, it was observed that the terminal ferryl species was over 
a 1000 times more reactive than the diiron(IV) diamond core for OAT reactions, 
perhaps due to the greater accessibility of the ferryl unit.13   
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Table 1.2: Rate constants of high-valent diiron model complexes supported by ligand L = SR3TPA (A). 
Complex: Substrate Product (Yield) Rate (KIE) M-1s-1 °C ref 
[FeIV2-(μ-O)2(L)]4+, 5A DHAa 
DHA 
DPFP 
Anthracene (50%) 
- 
- 
4.0 X 10-5(9) 
10-5 
10-4 
-30 
-80 
-80 
8,13 
[FeIV2-(μ-O)2(L)]4+, 4A DHAa 
 
DHA 
DPFP 
Anthracene (14%), 
Anthraquinone (13%) 
- 
- 
5.1 X 10-4 (10) 
 
10-4 
10-3 
-30 
 
-80 
-80 
 8,13 
[FeIV=O(NCMe)(L)]2+ DHAa 
DHA 
DPFP 
Anthracene (50%) 
Anthracene (55%) 
DPFP=O (70%) 
4.2 X 10-2 (27) 
0.13 
2.7 
-30 
-80 
-80 
8,13 
[O=FeIV-μ-O-FeIV-OH(L)2]3+, 3A H2O2 
DHA 
DPFP 
- 
Anthracene (80%) 
DPFP=O (99%) 
5.9 
0.027 (30, -30° C) 
2.8 
-40 
-80 
-80 
27 
[O=FeIV-μ-O-FeIII-OH(L)2]2+ 
6(OH)A 
DHA 
DHA 
Fluorene 
DPFP 
Anthracene (44%) 
- 
- 
DPFP=O (65%) 
28 (50) 
13 
6.5 
2.0 
-80 
-85 
-80 
-80 
13,15 
 DHA  act. par. ΔH‡ = 5.1(4) kcal mol-1, ΔS‡ = -26(2) cal mol-1K-1  
[O=FeIV-μ-O-FeIII-F(L)2]2+ 6(F)A DHA 
DHA 
Fluorene 
Anthracene (75%) 
- 
- 
320 (40) 
180 
65 
-80 
-85 
-80 
15  
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Table 1.2 continued: Rate constants of high-valent diiron model complexes supported by ligand L = SR3TPA (A). 
Complex: Substrate Product (Yield) Rate (KIE) M-1s-1 °C ref 
 
[O=FeIV-μ-O-FeIII-OMe(L)2]2+ 
6(OMe)A 
 
DHA 
 
- 
 
360 
 
-80 
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 Self-decay act. par. ΔH‡ = 9.7(2) kcal mol-1, ΔS‡ = -15(2) cal mol-1K-1  
All reactions conducted under an Ar atmosphere in a 3:1 CH2Cl2 solvent system unles otherwise noted.  L = SR3TPA, DHA = 
9,10-dihydroanthracene, DPFP = diphenyl(pentafluorophenyl)phosphine, DPFP=O = diphenyl(pentafluorophenyl)phosphine 
oxide, a solvent CH3CN 
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 Since the discovery of a diiron(IV) center in sMMO by Lipscomb in 1993, 
many high-valent diiron complexes have been synthesized.  These models 
provide important structure-function relationships for both spectroscopic and 
reactivity studies.  Additionally, they aid in the identification of important enzyme 
intermediates.  Key spectroscopic features used to identify high-valent diiron 
species include:  an 18O-isotope-sensitive vibration ~650 cm-1 in the resonance 
Raman spectrum, a low isomer shift in the Mössbauer spectrum and a short Fe-
Fe distance observed in the X-ray crystallographic determined structures or from 
EXAFS studies.  However, questions remain about how the O-O bond is 
activated by these model systems.  Moreover, a more detailed structural picture 
of the diamond core species related to the reactive enzyme intermediates is 
desired.   
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Chapter 2: Activating the O-O Bond to Form High-Valent Diiron Model 
Complexes 
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2.1 Introduction: 
 Nature stores chemical energy in the strong bond of O2.  The reaction 
between O2, with a triplet ground state, and a typical molecule in nature, with a 
singlet ground state, is spin forbidden.  Although O2 is not reactive, its reduced 
forms, O2⦁-, H2O2, and HO⦁, are reactive.  To release the energy in a controlled 
manner, nature uses metal cofactors, Fe in many cases, to release the energy.78  
The metal cofactor lowers the barrier of electron transfer to O2.  Moreover, 
protons are transferred in a controlled manner to further regulate the release of 
the stored energy in the O-O bond.78  In the case of the diiron enzyme soluble 
methane monooxygenase (sMMO), two Fe atoms are used to activate oxygen 
(Figure 2.1).2  The reduced state of sMMO, F (Scheme 2.1), binds O2 (O, 
Scheme 2.1) and upon electron transfer forms a peroxo species, P (Scheme 
2.1).  The decay of P was found to be pH dependent and formed the substrate 
oxidizing species Q (Scheme 2.1). 2,25 
 
Figure 2.1: Active site of soluble methane monooxygenase (sMMO) responsible 
for activating O2, with R representing the protein backbone.2 
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Scheme 2.1: Activation of O2 by sMMO and peroxide shunt pathway displayed in 
the center.24,25  The protein backbone is removed for clarity. 
A peroxide shunt is used to easily model the O-O bond activation in 
various systems.78  Diferrous species are much less stable than their diferric 
counterparts, because they react with oxygen.  To overcome this experimental 
limitation, a ferric species is often combined with H2O2 to form the reactive 
species.  Although fewer electrons are available in the ferric iron, more are 
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present in the oxygen species.  Using the example of sMMO, two fewer electrons 
are present starting from the ferric state, M (Scheme 2.1), but two additional 
electrons are now present in H2O2 and can activate the O-O bond (center 
pathway, Scheme 2.1).  Additionally, two protons are present which may or may 
not affect the reactivity depending on the system. 
The peroxo species is a key intermediate in the activation of O2 by 
sMMO,2,25 and has been modeled by numerous synthetic examples over the last 
two decades.5,10–12,44,63–68,72,79–83  Two routes were used to obtain the diferric 
peroxo species; a diferrous complex and O2 or a diferric complex and H2O2.  
Both methods have the same number of electrons in the iron and oxygen atoms.  
Remarkably, five crystal structures of a diferric peroxo species were also 
solved,65,66,79,84 and several peroxo species can reversible bind O2 like the 
nonheme oxygen carrier protein hemerythrin.65,67,80  These model complexes 
provided a wealth of spectroscopic and structural data, however only three were 
able to convert to an FeIVFeIII species stable enough to be studied.5,44,82  An 
additional electron was proposed to be added to the system, resulting in the 
diiron(IV)oxo species (isoelectronic  with the diferric peroxo) being proposed as 
transient intermediate.  Additionally, high-valent diiron(IV) species have been 
invoked to explain the increased reactivity of the peroxo species in the presence 
of substrates or intramolecular oxidation, but direct evidence has been fleeting.10–
12,79,85–87  The diiron complexes supported by ligand A make up the only system 
able to activate H2O2 to form a relatively stable high-valent system capable of 
oxidizing C-H bonds and oxygen atom transfer reactions (Scheme 2.2).8,13–15,27,49  
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However, the direct formation of the diiron(IV) species from the diferric 
precursors and H2O2 has not been well-studied.  Understanding how this model 
system activates the O-O bond will provide insights into the mechanism of 
oxygen activation as well as improving the ability of model systems to oxidize 
substrates. 
 
 
Scheme 2.2:  Activation of H2O2 by diiron complexes supported by the tris(4-
methoxy-3,5-dimethylpyridylmethyl)amine ligand to form high-valent species. 
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2.2 Results: 
One-step formation of diiron(IV) core: 
 Previously, in situ synthetic methods were followed to obtain diiron(IV)-oxo 
compounds.  The first route utilized bulk electrolysis with an applied potential of 
900 mV vs. Fc to a solution of 5A to carry out the 1-e- oxidation to produce the 
red [Fe2(µ-O)2]4+ diamond core (4A) in a near-quantitative yield.8  The second 
reported synthesis of the diiron(IV) complex was made in situ utilizing a diferric 
starting material [Fe2(µ-O)(µ-OH)]3+ (1A) to activate H2O2 to form a high-valent 
diiron complex formulated as [(O)FeIV(µ-O)FeIV(OH)]3+ (3A), followed by 
protonation with HClO4 and loss of one H2O molecule to form the [Fe2(µ-O)2]4+ 
diamond core 4A in moderate yields (Scheme 2.3).27  Both methods utilized low 
temperatures to stabilize the reactive species; however the diiron(IV) compounds 
could not be crystalized.8,27    
 
Scheme 2.3: Activation of H2O2 by the diiron(III) complex supported by ligand A 
to form the high valent diamond core 4A.  
A third synthetic strategy was tested to determine if a higher-yielding one-
step synthesis of 4A was possible by switching the order in which H2O2 and acid 
were added to 1A.  Complex 2A (Scheme 2.4), the protonated version of 1A, 
was synthesized (and characterized, vide infra) and tested for the direct 
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synthesis of the diiron(IV) species 4A with H2O2, with 2A providing the protons 
needed to break the O-O bond of H2O2 as soon as the 2A • H2O2 adduct formed.  
Indeed, the addition of one equivalent H2O2 to a 0.3 mM acetonitrile solution of 
2A at -40° C produced 4A in 85% yield, based on the intensities of its 
characteristic electronic absorption bands at 485 and 875 nm (Figure 2.2).i  The 
reaction was complete in less than 30 seconds.  Compounds 1A and 2A are the 
only reported compounds able to activate H2O2 to form a high-valent diiron 
species.   This system can now be studied kinetically to help understand the 
peroxo bond breaking like in the conversion from sMMO-P to sMMO-Q or the 
formation of RNR-X and how the protonation of the starting material affects the 
reaction. 
 
Scheme 2.4: Possible core formulations of 2A based on previous diferric 
species.26 
 
 
 
                                                 
i Experiment originally performed by Dr. Genqiang Xue and checked by Gregory 
Rohde. 
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Figure 2.2:  Formation of 4A from the reaction of 0.3 mM 2A and 1 eq H2O2 in 
CH3CN at -40° C in 85% yield determined by UV-Vis spectroscopy. 
 
Structure of 2A: 
To understand how H2O2 is activated, the structure of 2A was 
investigated, as nonheme diferric iron model complexes have been shown to 
exist in both a diamond core and an open core form (Scheme 2.4).16,26  Similar to 
1A, the crystal structure of 2A, vide infra, was found in the closed core form and 
the bond distances of the core structure are comparable to those of similar 
nonheme diiron complexes.16,26  Because the diiron core 1A was found to open 
in the presence of H2O,16 the solution geometry of 2A was investigated with 
several techniques in order to elucidate the structure of the diferric starting 
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material.  EXAFS was used to investigate both solid state and solution samples 
of 2A to determine its core geometry.  The Fourier transform (R’ space) of the Fe 
K-edge EXAFS data of microcrystalline 2A diluted with boron nitride (1:20 by 
mass) exhibits several prominent peaks (Figure 2.3 and Table 2.1).  The 
prominent feature around 2.6 Å in R’ space is nearly equal in intensity to the first 
shell and is characteristic of a heavy atom in a stiff environment like a diamond 
core.4,8  Indeed the best fit consisted of four shells at 1.91 Å (two O scatterers), 
2.10 Å (four N scatterers), 2.95 Å (six C scatterers) and 3.04 Å (one Fe scatterer) 
and the fitting combinations are noted in Table 2.1.   In line with the crystal 
structure vide infra, the two O scatterers may be assigned to the bridging 
hydroxo ligands and the four N scatterers to the tetradentate ligand.  The intense 
Fe scatterer modeled at 3.04 Å is in excellent agreement with a rigid diamond 
core motif observed in the crystal structure.   
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Figure 2.3: Fourier transform of the unfiltered EXAFS data (inset) of 
experimental data (dotted line) and best fit (solid line) of: Top- microcrystalline 2A 
diluted 20:1 in boron nitride by mass.    The best fit was accounted for by four 
shells at 1.91 Å (two O scatterers), 2.10 Å (four N scatterers), 2.95 Å (six C 
scatterers) and 3.04 Å (one Fe scatterer) and Bottom- 5 mM acetonitrile solution 
of 2A.  The best fit model contains five shells at 1.79 Å (one O scatterer), 2.12 Å 
(five N/O scatterers), 3.03 Å (six C scatterers), 3.42 Å (one Fe scatterer) and a 
3.569 Å multiple scattering pathway modeled with a Fe-O-Fe moiety. 
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Table 2.1 EXAFS fitting to unfiltered EXAFS data for crystalline 2A [FeIII2(µ-OH)2(SR3TPA)2]4+ using Feff 
phase and amplitude parameters listed in (Å).  
Fit Fe-N Fe-O  Fe-C  Fe-Fe   
# N R σ2 N R σ2 N R σ2 N R σ2 E0 F F’ 
Default phase and amplitude parameters 
1 4 
 
2.113 
 
2.2 
 
2 1.939 5.1 4 
6 
2.957 
3.108 
1.4 
1.1 
1 3.017 1.4 -1.64 
 
286 
 
415 
 
Feff  2.11   1.94  2.96, 3.11  3.04     
2 4 2.094 2.9 2 1.908 5.5       -11.4 863 721 
3 5 2.077 4.5 1 1.874 1.3       -11.6 881 729 
4 4 
 
2.105 
 
12.1 
 
1 
1 
1.931 
2.080 
1.9 
-1.8 
      -7.13 832 708 
5 4 2.109 2.9 2 1.925 6.7 8 3.019 2.1    -7.22 355 462 
6* 4 2.098 2.3 2 1.911 5.4 4 2.945 -2.9 1 3.039 -1.2 -9.00 239 392 
7 4 2.100 2.2 2 1.913 5.2 4 2.964 0.5 1 3.022x 1.7 -8.93 246 398 
8 4 2.101 2.5 2 1.913 5.8 6 3.001f 3.7f 1 3.001f 3.7f -8.22 243 395 
A second Fe-C scatterer gave non-sensible distances with only a minor improvement in quality factors 
k range = 2-13.5 Å–1, resolution = 0.137 Å, back transform range ~,  σ2 = mean-squared deviation in units 
of  10–3 Å 2. Scale Factor S02 = 0.9.  Goodness-of-fit = F calculated as ∑ −=
2
exp
6 )(
calc
kF χχ . 
∑ ∑−=
2
exp
62
exp
6 /)(' χχχ kkF
calc
. x = distance fixed from average bond distance in crystal 
structure. f = Fe-C and Fe-Fe shells have their distance and Debye-Waller factors set equal to each 
other. * = Best Fit 
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The crystalline sample of 2A presented some fitting challenges due to the 
fact that the distances of the Fe-C scatterers and the Fe-Fe scatterer were within 
the resolution of the measurement and likely caused the negative Debye-Waller 
factors in Fit 6, Table 2.1.  When the distance and Debye-Waller factors were set 
equal to each other (Fit 7, Table 2.1), a satisfactory Debye-Waller factor is 
observed with an approximately average distance of the Fe-C and Fe-Fe 
scatterers.  Therefore, in combination with the crystal structure, vide infra, the 
best fit is assigned to Fit 6. 
In contrast, 2A adopts a different core structure in acetonitrile solution.  
EXAFS studies of a 5 mM frozen solution sample of 2A in anhydrous acetonitrile 
showed that the prominent feature in the microcrystalline sample assigned to the 
rigid Fe-Fe scatterer in a diamond core was absent.  Instead, a less intense 
feature around 3.3 Å was observed, suggesting the heavy atom scatterer was at 
a longer distance and in a more flexible environment compared to the solid state 
sample (Figure 2.3, Table 2.2).26  The best fit model validated the qualitative 
assessment and consisted of five shells at 1.79 Å (one O scatterer), 2.12 Å (five 
N/O scatterers), 3.03 Å (six C scatterers), 3.42 Å (one Fe scatterer) and an Fe-O-
Fe multiple scattering pathway.  This model was most consistent with the open 
core diferric complexes with similar TPA based ligands in previously solved 
crystal structures.26  The short O scatterer matches well with a bridging oxo 
ligand, the five N/O scatterers corresponded to four N scatterers from the ligand 
and one solvent, N (CH3CN) or O (H2O) scatterer; the H2O that may be present 
would originate from the H2O in the crystal lattice.  A 146° Fe-O-Fe angle is 
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calculated using the Fe-Fe and Fe-O scattering distances and is most consistent 
with an open core.  Conversely, the solid state structure of 1A conserves the 
diamond core motif in solution with low H2O concentrations, and changes to an 
open core structure under higher H2O concentrations.16 
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Table 2.2. EXAFS fitting to unfiltered EXAFS data for 2A, solution [FeIII2(-µ-O)(OH2)2(SR3TPA)2]4+ using 
Feff phase and amplitude parameters listed in (Å). 
Fit Fe-N  Fe-O  Fe-C Fe-Fe   
# N R σ2 N R σ2 N R σ2 N R σ2 E0 F F’ 
Feff  2.11   1.79   3.03   3.419(m)     
1 5 2.096 3.9 1 1.784 0.8       -14.0 X 711 
2 4 2.070 2.4 2 1.778 5.7       -20.8 X 750 
3 5 2.111 4.1 1 1.790 0.3 8 3.021 3.8    -9.01 812 615 
4 5 2.118 4.2 1 1.788 0.2 8 3.021 3.6 1 3.375 0.5 -7.42 614 534 
5* 5 
 
2.118 
 
4.3 
 
1 1.789 0.0 8 3.030 2.6 1 
4m 
3.418 
3.569 
0.1 
0.8 
-7.54 
 
368 
 
414 
 
6 5 
 
2.116 
 
4.3 
 
1 1.789 0.0 8 3.029 3.0 1 
2m 
3.491 
3.604 
10.4 
-2.7 
-8.06 
 
365 
 
412 
 
7 5 
 
2.118 
 
4.3 
 
1 1.789 0.0 4 
4 
3.006 
3.075 
1.0 
3.0 
1 
2m 
3.470 
3.603 
11.5 
-2.5 
-7.75 
 
363 
 
411 
 
8 5 
 
2.108 
 
4.1 
 
1 1.788 0.2 8 
8 
3.017 
3.656 
4.1 
0.4 
1 3.361 2.7 -9.80 
 
392 
 
427 
 
9 5 
 
2.058 
 
3.8 
 
1 1.761 1.0 8 
1m 
3.246 
3.509 
-2.8 
16.9 
1 3.350 -3.6 -25.1 
 
836 
 
624 
 
F drops to 313 when k range = 2-14 Å-1 for fit 5 above 
k range = 2-15 Å–1, resolution = 0.122 Å, back transform range ~,  Fitting parameters and variables are 
listed in Table 2.1, * = Best Fit 
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As evident by the much improved quality factors going from Fit 4 to Fit 5 in 
Table 2.2, the additional multiple scattering pathway is necessary to provide a 
satisfactory fit.  Fits that include alternative multiple scatterering pathways at 
different distances, fits that include a C atom, or additional Fe-C shells did not 
provide a superior fit (Table 2.2).  Therefore the best fit is assigned to Fit 5 of 
Table 2.2.  
Resonance Raman infrared spectroscopy was performed on a frozen 
solution of 2A to provide additional insight into the core structure.ii  The vsym(Fe-
O-Fe) and vasym(Fe-O-Fe) Raman active stretching frequencies of (µ-
oxo)diiron(III) complexes have been found to correlate well with the Fe-O-Fe 
angle.62  Indeed, a vibration at 835 cm-1 was observed that shifted under a 
CH3CN solvent vibration at 800 cm-1 when 18O was used in the synthetic 
procedure (Figure 2.4).  To determine the magnitude of the shift due to 18O, 
CD3CN was used and the vibration was clearly seen at 795 cm-1 with an 
observed shift of ~40 cm-1, which is in agreement with the expected shift of a Fe-
O diatomic oscillator according to Hooke’s Law.  The 835 cm-1 vibration is 
assigned to the Fe-O-Fe asymmetric vibration.  A vibration was observed at 463 
cm-1 that downshifted 8 cm-1 with 18O isotope substitution and is consistent with 
the vsym(Fe-O-Fe) (Figure 2.4).62  Together the two indicate an open core with an 
Fe-O-Fe angle between 140-150°.26,62  The EXAFS and resonance Raman 
experiments strongly support the open core formulation of 2A in solution 
                                                 
ii Resonance Raman spectroscopy performed by Dr. Genqiang Xue. 
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(Scheme 2.5).  An H-bonded water molecule is found in the unit cell of the crystal 
structure of 2A and is the likely source of the second aqua ligand.  EXAFS 
cannot conclusively rule out an CH3CN ligand in place of the aqua ligand, but 
water is found bound to both Fe centers in other published structures 
recrystallized from CH3CN.26 
 
 
Figure 2.4: Main window: rRaman spectra of 2A in a CH3CN solution using a 
413.1 nm excitation energy at 100mW power collected at liquid N2 temperature.  
Main window-Top spectra: natural abundance isotopes, bottom spectra: 18O  
isotopically labeled 2 and Inset: CD3CN solvent was used with 18O isotopically 
labeled 2 to move solvent peak obstructing the 18O vibration. 
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Scheme 2.5:  Structures of 2A in the solid and solution state are shown in 
above.  Acetonitrile may also play the role of the additional water molecule 
shown above. 
Acid/Base Chemistry of 1 and 2: 
 To determine the pKa of the diferric compounds, solutions of 2A and 2B 
were titrated with small aliquots of a 3-bromopyridine solution in an CH3CN 
solution and the changes were monitored spectrophotometrically.i  Both spectra 
of 2A and 2B cleanly convert to 1A and 1B, respectively, as the concentration of 
3-bromopyridine increases (Figure 2.5, the transformation from 2A to 1A is 
representative for both).  A plot of the absorbance of the 550 nm band vs. 
concentration of 3-bromopyridine displayed in the inset of Figure 2.5 shows that 
the pKa of 1A was determined to be at least 1 pKa unit higher than 3-
bromopyridine (3-bromopyridine pKa = 2.84 in H2O).  On the other hand, the 
same experiment carried out for 1B and 2B shows that the pKa of this acid-base 
pair is about 1 pKa unit lower than that of the 1A/2A pair (the pKa of 1B is 
comparable to 3-bromopyridine), consistent with the presence of fewer electron-
donating substituents on the pyridine donors.  The difference in pKa between the 
diferric complexes supported by ligands A and B appears to be an important 
difference.  The complex supported by ligand A is the only diferric species able to 
 54 
make the high-valent model complexes 3A and 4A.  Other ligands have been 
shown to form the mixed valent complex 5, but none has been able to stabilize 
the diiron(IV) species.  The higher basicity of ligand A likely provides enough 
electron density to stabilize the highly oxidized centers. 
 
Figure 2.5: Titration of 0.3 mM solution of 2 in CH3CN with 3-bromopyridine to 
form the conjugate base 1A.  Monitoring the formation of 1A (red circles) and 1B 
(black squares) by the increase of the 550 nm band from the titration of 2A and 
2B with 3-bromopyridine (Inset). 
Activation of H2O2 by 1A and 2A: 
 Complexes 1A and 2A are the only reported examples of diferric species 
able to activate H2O2 to generate well-characterized high-valent diiron species.  
These complexes provide an opportunity to gain insight into how these centers 
cleave the O-O bond analogous to the conversion of sMMO-P to sMMO-Q.  
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Therefore, kinetic studies of H2O2 activation by complexes 1A and 2A were 
conducted. 
 Prior to investigating 1A, experimental challenges had to be overcome.  
The reaction product of 1A and H2O2 is 3A; however, 3A will oxidize H2O2 at 
rates comparable to the reaction of 1A and H2O2 and form the one-electron 
reduced 5A (Scheme 2.6).  H2O2 acts as an oxidizing agent first to convert 1A to 
3A, and then as a reducing agent to convert 3A to 5A.  This observation 
demonstrates how Fe is able to efficiently use the oxidizing equivalents stored in 
H2O2.  The yield of 3A increased by ~10% when D2O2 was used and the higher 
yield was presumably due to the KIE for the oxidation of H2O2.27  To 
experimentally illustrate the large KIE, 3A was first formed with 0.8 equivalent 
H2O2 added as the oxidant, and then additional aliquots H2O2 or D2O2 were 
added under psuedo-first order conditions to extract rate constants for each 
reaction.iii  The oxidation of H2O2 or D2O2 by 3A was monitored by the decay of 
the band at 705 nm and the growth of the 620 nm band associated with the 1-e- 
reduced 5A (Figure 2.6).  A large KIE of 25 was determined from the ratio of the 
rate constants (Figure 2.6).  This value is close to the KIE of 30 for the oxidation 
of 9,10-dihydroanthracene by 3A,13 suggesting that O-H bond cleavage is a large 
component of the rate limiting step.  Compared to the oxidation of H2O2 by the 
mononuclear ferryl species FeIV(O)N4Py and FeIV(O)TMC,88 the rates are 7.5 
and 170 times faster even though oxidation of H2O2 by 3A was carried out at -40° 
C compared to -20° C and 25° C respectively. 
                                                 
iii Experiment performed by Dr. Genqiang Xue. 
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Scheme 2.6: Activation of H2O2 by 1A and subsequent oxidation of H2O2. 
 
Figure 2.6:  The oxidation of H2O2 (under pseudo-first order conditions) by a 0.3 
mM solution of 3A in acetonitrile at -40° C (blue, dashed line) and the formation 
of the product 5A (green, solid line).  Inset: the rate of formation of 5A from the 
reaction of 3A and varying concentrations of H2O2 (red) and D2O2 (blue).  The 
KIE was found to be 25. 
The ability of 3A to oxidize H2O2 severely complicates any kinetic 
experiments performed under pseudo-first order conditions with excess H2O2.  
These complications may be circumvented by eliminating the reduction of 3A to 
5A by H2O2.  To accomplish this task, a more easily oxidzied H-atom donor was 
employed to intercept 3A as soon as it was formed.  One or two equivalents of 
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2,4,6-tri-tert-butylphenol (TTBP) was found to react instantaneously with 3A to 
form 5A (Scheme 2.7).i  When a 0.3 mM solution of the diiron(III) starting 
material, 1A, and 1 eq TTBP was reacted with 1 eq H2O2, the characteristic band 
of 5A at 620 nm grew in at the same rate as the 2,4,6-tri-tert-butylphenoxyl 
radical band at 400 nm (Figure 2.7) and resulted in the formation of 5A in 80% 
yield according to electronic absorption spectroscopy.  Under these conditions, 
the activation of H2O2 by 1A becomes the rate limiting step followed by the fast 
oxidation of TTBP to form 5A, with no accumulation of 3A.  Therefore, the rate of 
the appearance of 5A is equal to the rate of formation of 3A from the reaction of 
1A and H2O2 when TTBP is present.  Using the TTBP probe, the rate of H2O2 
activation by 1A could be studied under pseudo-first-order conditions.  The 
amount of H2O was kept constant and the H2O in the 70% stock solution of H2O2 
was accounted for.  First order behavior was observed up to a concentration of 
12.5 mM H2O2 in an acetonitrile solution at -40° C, with a second order rate 
constant of 8 M-1s-1 (Figure 2.8). 
 
Scheme 2.7:  Reaction of 1A with H2O2 in the presence of 2,4,6-tri-tert-
butylphenol (TTBP). 
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Figure 2.7:  Formation of 5A and 2,4,6-tri-tert-butylphenoxyl radical from the 
reaction of 0.3 mM (1WA)16 and 2,4,6-tri-tert-butylphenol (TTBP) and 0.1 M H2O 
in CH3CN at -40° C with 1 eq. mM H2O2.  Kinetic traces of Formation of 5A (620 
nm) and 2,4,6-tri-tert-butylphenoxyl radical (400 nm) from 1A, H2O2 and TTBP. 
 
Figure 2.8: Activation of H2O2 in an CH3CN solution at -40˚ C by 0.3 mM 1A 
(black squares) 0.1 M H2O and 0.3 mM TTBP, and 0.5 mM 2A (red circles) with 
H2O2 in acetonitrile with 0.1 M H2O.  The rate constants were determined to be 8 
M-1s-1 and 40 M-1s-1 for 1A and 2A respectively.  The concentration of water from 
the 70% H2O2 was accounted in both reactions and was kept constant at 0.1 M 
H2O. 
 59 
The formation of 4A from the reaction of H2O2 and 2A was measured by 
the growth of the 875 nm band, and 4A was not observed to react with excess 
H2O2 under the reaction conditions.  H2O2 activation by 2A was studied under 
similar psuedo-first order conditions as 1A, except without the TTBP.  A linear 
increase in rate was also observed for the activation of H2O2 by 2A with a second 
order rate constant of 40 M-1s-1, five times higher as compared to the same 
reaction with 1A (Figure 2.8).i  These results suggest that binding of the H2O2 to 
the diiron center occurs before the rate controlling step or is actually the rate 
controlling step under these conditions. 
Competition of Water and H2O2 binding to 1A and 2A: 
Water was found to inhibit the reaction between H2O2 and 1A to form 
3A,16 but detailed studies of the water concentration dependence on rate were 
not previously carried out due to the side reactions detailed above, which can 
now be circumvented by addition of TTBP.  The rate of H2O2 activation by 1A 
decreased with increasing [H2O] in an acetonitrile solution at -40° C (Figure 2.9).  
A plot of 1/ kobs vs. [H2O] showed a linear relationship (Figure 2.9 inset) 
consistent with a model in which water competes with H2O2 for binding to 1A.i  
This inverse relationship between kobs and [H2O] tells us that H2O2 must displace 
an iron-bound water to be activated by 1A to form 3A (Scheme 2.8, top).  The 
first step in the mechanism for the competitive binding of H2O and H2O2 to 1A is 
the formation of open-core derivatives of 1wA  and a 1A-H2O2 adduct that quickly 
decays to 3A (Scheme 2.8).  Parallel water concentration studies on the 
activation of H2O2 by 2A found similar observations that were consistent with 
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H2O competing with H2O2 for binding to the Fe complex; however the H2O2 
activation rate was suppressed substantially less for 2A (Figure 2.9, Scheme 
2.8).  Using a simple pre-equilibrium model in equation 2.1, the equilibrium 
constants, Kd, for 1A and 2A were determined by the slope of 1/kobs vs. [water] 
(Inset, Figure 2.9) and the Kd values were 340 and 47 for 1A and 2A, 
respectively. The larger inhibition of 1A by water may be due to a stronger 
hydrogen bond network.  Previously, a hydrogen bonding network was observed 
in 1w species supported by similar TPA-based ligands and was formed by the 
aqua and hydroxo ligands.26 
 
Figure 2.9:  Dependence of the concentration of H2O on the activation of a 2.5 
mM H2O2 acetonitrile solution at -40 ˚C by 0.3 mM 1A (black squares) and 0.5 
mM 2A (red circles). Inset: plot of 1/kobs vs. H2O. 
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Scheme 2.8: Water inhibition of the activation of H2O2 by 1A, top and 2A bottom. 
Equation 2.1: Proposed model of the activation of H2O2 by diiron compounds.  
 
Acid Effect on the H2O2 Activation by 1A and 2A: 
The effect of the H+ concentration on the activation of H2O2 was 
investigated.  3-bromopyridine was used to modulate the basicity of the reaction 
solution.  No change in rate was observed for the reaction between 1A and H2O2 
as a function of 3-bromopyridine concentration, suggesting that it is not a strong 
enough base to deprotonate 1A.  However, formation of 4A from 2A and H2O2 
was found to be sensitive to the amount of base present.  When 2.7 mM 3-
bromopyridine and 0.25 mM 2A in an CH3CN solution were mixed with 1.3 mM 
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H2O2, a two-step reaction was observed (Figure 2.10). Within the first 10 
seconds, a band grew in around 705 nm (corresponding to the formation of 3A) 
and then decayed to 4A during the second step in a manner that could be 
modeled with a single exponential (Figure 2.10). At higher concentrations of 3-
bromopyridine, 3A persisted long enough in solution and reacted with the excess 
H2O2 present to prevent a more thorough study.  However, fitting the rate of the 
first step by the method of initial rates yielded a linear dependence on 3-
bromopyridine concentration up to about 2 mM, above which, saturation behavior 
was observed (Figure 2.11).  The decay rate of the 705 nm band and the growth 
rate of the 875 nm band associated with 4A determined from exponential fits 
(after the 705 nm band reached a maximum) were in reasonable agreement and 
decreased in a linear manner with increasing concentration of 3-bromopyridine, 
consistent with a smaller concentration of H+ available for protonating 3A to form 
4A (Figure 2.12).27  A difference spectrum was obtained by subtracting a 
spectrum of pure 4A from the blue trace in Figure 2.10 observed about 5 
seconds after the start of the reaction (Figure 2.13). This difference spectrum 
compares well with an authentic spectrum of 3A.27  The rate increase of H2O2 
activation by 2A due to the addition of a weak base suggests that a 
deprotonation event occurs at or before the rate limiting step.  Because the rates 
of H2O2 activation are 5 times higher for 2A, even in the absence of added 3-
bromopyridine, the deprotonation event does not occur prior to the binding of 
H2O2 to 2A, but takes place after the H2O2 adduct is formed.  This step would 
create a species with the same degree of protonation as a 1A + H2O2 derived 
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species, suggesting that H2O2 activation by 1A and 2A goes through shared 
intermediates.  The generation of 3A en route to the formation of 4A provides 
evidence that 1A and 2A activate H2O2 on a shared path that converges prior to 
O-O bond breaking. 
 
Figure 2.10:  Reaction of 0.25 mM 2A and 2.7 mM 3-bromopyridine (black) with 
1.3 mM H2O2 and 1.1 mM H2O (from 70% H2O2) to form an intermediate (blue) 
and 4A (red).  The time traces at 705 and 875 nm are shown in the inset. 
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Figure 2.11: Monitoring the initial rate of the growth of the 705 nm band with 
increasing concentration of 3-bromopyridine in a 0.25 mM 2A, 1.3 mM H2O2 and 
1.1 mM H2O (from 70% H2O2) in CH3CN. 
 
Figure 2.12: Monitoring the rate of the growth of the 475 nm band (black 
squares) and the decay of the 705 nm band (red circles) with increasing 
concentration of 3-bromopyridine in a 0.25mM 2A, 1.3 mM H2O2 and 1.1 mM 
H2O (from 70% H2O2) in CH3CN. 
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Figure 2.13: Difference spectrum of the spectrum of 4A (inset red) from the 
spectrum at the maximum formation of the feature at ~705 nm (inset black) for 
the reaction of 2A (0.25mM) and 3-bromopyridine (2.7 mM) with H2O2 (1.3 mM). 
Additional evidence that 1A and 2A activate H2O2 on a shared path was 
obtained by the use of the 2,4,6-tri-tert-butylphenol (TTBP) probe.  Similar to the 
way the [H2O2] dependence of 1A was measured, an experiment was designed 
that takes advantage of the much faster rate of TTBP oxidation by 3A compared 
to 4A (instantaneous vs. 30 minutes when 1-2 eq of TTBP was added at -40° C).  
This difference suggests that TTBP should be able to intercept 3A if it is a 
precursor of 4A (Scheme 2.9).  This is indeed the case.  Addition of 1 eq H2O2 to 
a 0.4 mM acetonitrile solution of 2A and TTBP elicits a peak at 620 nm 
corresponding to 5A with no evidence of 3A or 4A (Figure 2.14).  The activation 
of H2O2 by 1A and 2A is thus shown to go through convergent mechanisms.   
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Scheme 2.9: H2O2 activation by 2A in the presence of 2,4,6-tri-tert-butylphenol 
(TTPB). 
 
Figure 2.14:  Reaction of 0.4 mM 2A with 1 eq. H2O2 in the presence of 1 eq. 
2,4,6-tri-tert-butylphenol in CH3CN at -40° C to form 5A. 
As mentioned above, only a limited study of the effect of base on the 
activation of H2O2 by 2A could be conducted because 3A was observed to form.  
To observe the activation of H2O2 by 2A, the TTBP probe was employed as 
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described earlier to measure the activation of H2O2 by 1A to eliminate side 
reactions of 3A.  With TTBP in the reaction mixture prior to the addition of H2O2, 
the activation rate by 2A was measured by the increase of the 620 nm band of 
5A.  Increasing concentrations of the base 3-bromopyridine (pKa = 2.84 in water) 
increased the observed rate constant under excess H2O2 (10 eq H2O2 vs. 0.2 mM 
2A in acetonitrile at -40° C) (Figure 2.15).iv  Consistent with previous 
experiments, as the concentration of 3-bromopyridine was increased to 1.25 mM 
and beyond, saturation behavior was observed, with a maximum increase in the 
rate by about 3 fold (Figure 2.15).  Saturation behavior suggests that an 
equilibrium step is involved with the reaction of 2A and H2O2 with added base.  
Because the rate of H2O2 activation by 2A is faster than 1A (Figure 2.8), the iron 
complex is not deprotonated from 2A to 1A prior to the reaction with H2O2.  
Instead, it is proposed that the base deprotonates the bound hydrogen peroxide 
in adduct II to form hydroperoxo species I, as illustrated in Scheme 2.10 below.  
Interestingly, if 1 eq of HClO4 was added to solution of 2A, no reaction between 
2A and H2O2 was observed until an equal amount of 3-bromopyridine was 
added.  This highlights the acid/base balance necessary for the activation of 
H2O2 by 2A.  Base enhancement was also observed for a mononuclear Fe 
system where adding the base 2,6-lutidine increased the rate of H2O2 activation 
by about 5 times;89 a similar enhancement (~3 times) was observed for 2A.  A 
                                                 
iv At 4mM [3-bromopyridine] ~80% of 2A converted to 1A and higher 
concentrations of base were not used because the fraction of 1A became 
significant enough to observe in the electronic absorption spectrum. 
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KIE of almost 4 was observed in the mono-Fe system in a D2O/D2O2 system,89 
while a negligible KIE was observed for 2A in a D2O/D2O2 system (Figure 2.16).iii 
The order of the pKa values of a few of the diiron acid/base pairs may be 
deduced from the experiments.  The three sets of equilibria have the same 
charge, so the pKa values are relatively close and are independent of the 
oxidation state of the iron atoms.  The largest pKa belongs to 1A because only 
3A is formed from the reaction with H2O2.  Starting from 2A, both 3A and 4A can 
be formed by the addition of H2O2 by adjusting the amount of base in solution.  
Because 3A is protonated by the conjugate acid of the base that deprotonates II, 
the apparent pKa of 3a is greater than II, which  may be higher than the true pKa 
because of the increased entropy due to the loss of one H2O molecule after 
protonation.  Therefore, the order of increasing apparent pKa values of the diiron 
acid base pairs is IA/IIA < 3A/4A < 1A/2A. 
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Figure 2.15:  Reaction of 0.2 mM 2A, 0.4 mM tri-tert-butylphenol and 3-
bromopyridine with 2 mM H2O2 in acetonitrile at -40° C. 
 
Figure 2.16:  D2O (red circles) H2O (black squares) for the activation of H2O2 or 
D2O2 by a 0.5 mM solution of 2A in acetonitrile at -40° C. 
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Scheme 2.10:  Proposed mechanism for the activation of H2O2 by diiron compounds 1A and 2A.  The amine N atom is 
trans to the oxo or (hydro)peroxo ligand when noted L’ and the substituted pyridine is trans to the hydroxo 
or(hydro)peroxo ligand when noted L”.  Brackets indicate a proposed transient intermediate. 
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2.3 Discussion: 
H2O2 Activation by 1A and 2A: Mechanism and Rates 
 A series of steps is proposed for the mechanism of H2O2 activation by 1A.  
The H2O2 activation rates by diferric complexes are summarized in Table 2.3.  
The initial step of H2O2 binding with 1A competes with water present for the open 
coordination site in the diamond core of 1A to form either IA or 1wA (Scheme 
2.10).  Once the H2O2 is bound to 1A, the next step involves a fast intramolecular 
neutralization of the hydrogen peroxide ligand by the hydroxo ligand in IA, 
resulting in the loss of a H2O molecule and formation of IIIA.  The proton is 
assigned to the bridging oxo ligand in intermediate IIIA (Scheme 2.10, IIIA top), 
because previous studies have shown the oxo ligand to be more basic than the 
peroxo ligand, including a crystal structure of a diiron-µ-hydroxo-µ-peroxo 
complex.82,84,90  However, the diiron-µ-oxo-µ-hydroperoxo complex (Scheme 
2.10, IIIA bottom) cannot be ruled out, especially considering that only a FeIVFeIII 
species has been formed thus far from a stable peroxo species.82  The high-
valent diiron(IV) complex is formed when IIIA undergoes fast O-O bond cleavage 
to form 3A.  Because high concentrations of H2O2 cannot be attained due to 
experimental limitations, the peroxo intermediate was not observed, despite 
using multiple published methods. 44,72,82,91   
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Table 2.3:  Summary of rate constants for the activation of H2O2 by diferric model complexes at -40° C in acetonitrile. 
Complex Variable Kin. Value Conditions Notes   
1A H2O2  8 M-1s-1 ǂ 0.1 M H2O, 0.3 mM Fe2 k2, Measured formation of 5A in presence of TTBP 
2A H2O2 40 M-1s-1 ǂ 0.1 M H2O, 0.5 mM Fe2, k2, Measured formation of 4A 
2A 3-bromopyridine 3 M s-1 ǂ 2 mM H2O2, 
0.2 mM Fe2, 
1.8 mM H2O 
Vmax, Measured formation of 5A in presence of TTBP. 
2A 3-bromopyridine 3 M s-1 ǁ 1.3 mM H2O2, 
0.25 mM Fe2, 1.2 mM H2O 
Vmax, Measured formation of 3A (705 nm band) in presence 
of TTBP. 
2A 3-bromopyridine -9 M-1s-1 1.3 mM H2O2, 
0.25 mM Fe2, 1.2 mM H2O 
k2, Measured decay of 3A to form 4A by protonation from 
3-bromopyridinium (4A formed in approximately the same 
rate).  The rate observed suggests the protonation of 3A is 
slower at higher base concentrations. 
1A H2O 340 ǂ 2.5 mM H2O2, 0.3 mM Fe2 Kd, 1/kobs vs. [H2O], Measured formation of 5A in presence 
of TTBP 
2A H2O 47 ǂ 2.5 mM H2O2, 0.5 mM Fe2 Kd, 1/kobs vs. [H2O], Measured formation of 4A 
ǂ Measured under pseudo-first order conditions. ǁ measured with the method of initial rates. 
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The pathway of H2O2 activation by 2A converges with the mechanism of 
1A (Scheme 2.10).  Similar to the first steps of H2O2 activation by 1A, the 
reaction with 2A followed first-order kinetics with increasing concentration of 
H2O2 (5 times greater rate) and was consistent with competitive binding with 
water (Table 2.3).  Conversely, saturation behavior in base concentration 
dependence studies on H2O2 activation by 2A was observed and is consistent 
with an acid/base equilibrium between II and I, where it joins the activation 
mechanism of H2O2 by 1A and forms the high-valent 3A via intermediate III.  
Additionally, the 3-bromopyridium cation, produced from the first deprotonation 
step (II to I), protonates 3A to form 4A.  Interestingly, the reverse reaction from 
4A to 3A has not been observed, even with the addition of F- anion, which is a 
strong base in acetonitrile and was previously used as a base to make 7A, the 
conjugate base of 3A (Scheme 2.10).49,92 
The rate constants for the activation of H2O2 by 1A and 2A are much 
smaller than that reported rate constant of 230 M-1⦁s-1 by the mono iron complex 
FeIITMC at the same temperature.89  However, no water inhibition was reported 
in this mono iron study.  Using a pre-equilibrium approximation (Equation 2.1), 
the rate constant for H2O2 activation in the absence of H2O by the diferric 
complexes may be estimated by dividing the kobs of the reaction by the Kd 
determined from the [H2O] studies and then multiplying by the [H2O], resulting in 
values of ~250 M-1⦁s-1 and  ~200 M-1⦁s-1 for 1A and 2A, respectively. These rate 
constants are similar to the mono iron complex.  The addition of base increased 
the rate of H2O2 activation for both 2A and the FeIITMC system by about 3-5 
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times.89  For both the mono- and diiron complexes that are able to activate H2O2 
to a high-valent species, no peroxo intermediates were observed.  Even though 
the breaking of the O-O bond is the last step in both cases; the binding of the 
H2O2 to the iron center appears to be rate controlling at the H2O2 concentrations 
used. 
Polarization the O-O Bond: 
Previously, diferric and diferrous compounds were observed to form 
peroxo complexes with H2O2 or O2, which modeled the sMMO-P species.44,72,91  
However, no FeIVFeIV species were observed and only a few one-electron 
reduced species were isolated.  The missing electron in the oxygen activation 
pathway prompted the authors to propose a transient FeIVFeIV species that 
reacted immediately with a solvent molecule or a redox partner which supplied 
the reducing equivalent.5,44,82  The asymmetric ligand environment supported by 
ligand A may contribute to the inability to isolate a peroxo intermediate in the 
system studied here (Figure 2.17).  The Fe atom on the left has a pyridine N 
atom trans to the peroxo, while the Fe atom on the right has a tertiary amine 
trans to the peroxo.69  This difference in trans ligands may polarize the O-O bond 
enough to break, resulting in the formation of 3A.  This polarization may be the 
reason why the proposed peroxo intermediate formulated as III in Scheme 2.10 
is not seen.  Furthermore, the more basic nature of the ligand A likely stabilizes 
the highly charged diiron(IV) centers sufficiently to trap the only well-
characterized high-valent diiron(IV) compounds reported to date.   
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Figure 2.17: Proposed structure of diferric-hydroxo-peroxo species (III, scheme 
5) with ligands trans to the peroxo highlighted in red. 
Reversible O-O bond breaking and forming by a diiron complex was 
demonstrated by the Kodera group.  They showed that a diferric peroxo complex 
could be isolated in the solid state at low temperatures and be reversibly 
converted to a diferryl species at higher temperatures (Figure 2.18).11,12  The 
diferric crystal structures of the Kodera complexes suggest that there are 
different trans donors to the peroxo ligand like in Figure 2.17; however, the fact 
that the O-O bond does not break in solution suggests that either the un-
substituted pyridine or carboxylate donors are not basic enough to polarize the 
O-O bond or that the dinucleating ligand holds the ferryl units in close proximity 
favoring the peroxo species in solution.11,12  Importantly, substrate oxidation was 
observed, strongly suggesting that any of the diferryl complex in equilibrium 
would react before it was able to accumulate.11,12 
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Figure 2.18: Top: di-nucleating ligands used by the Kodera group to support a 
diferryl model complex; Bottom: reversible O-O bond formation and formation of 
a diferryl species.10–12 
2.4 Conclusion: 
 In conclusion, the rate of H2O2 activation by 1A and 2A was found to be 
controlled by the binding of H2O2, and H2O2 competes with H2O for binding to the 
ferric centers.  The presence of base increased the H2O2 activation rate for 2A 
but not 1A.  After accounting for water inhibition, the H2O2 activation rates by the 
diferric compounds are similar to that of [FeIITMC]2+.89  No peroxo intermediate 
supported by ligand A was observed likely because of the facile O-O bond 
cleavage due to the asymmetric Fe environment created by the substituted 
pyridine-based ligand A. 
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2.5 Experimental: 
Materials and Synthesis:  
Anhydrous MeCN (>99.8%), 3-bromopyridine and 2,4,6-tri-tert-butylphenol 
were purchased from Aldrich and used as received. D2O2 (30% in D2O, 98% D) 
was purchased from ICON Isotopes.   30% H2O2 in H2O and 70% H2O2 in H2O 
were obtained from Macron and Degussa respectively. 
[Fe2(R3TPA)2(μ-O)(μ-OH)](ClO4)3 (1A) was prepared according to the 
reported methods.16  
[Fe2(R3TPA)2(μ-OH)2](ClO4)4•H2O (2A)v was prepared by individually 
dissolving 0.335 g Fe(ClO4)3.7.5H2O (0.688 mmol; the number of water 
molecules was calculated based on the iron content stated on the Aldrich 
Certification of Analysis) and 0.319 g (0.688 mmol) R3-TPA in 3 mL MeOH. Upon 
stirring, the ligand solution was added to iron solution dropwise. The mixture was 
stirred for 2 hour, and 1.23 mL of 0.500 M NaOH solution in MeOH (0.619 mmol) 
was added via a syringe utilizing a syringe pump over a period of 1 hour. The 
mixture was stirred at RT for another 5 hours and 5 mL water was then added 
drop-wise. Yellow powder formed upon stirring for 24 hours. The product was 
isolated by filtration and washed with 1:1 MeOH-H2O containing 1 mM HClO4. If 
allowed to sit longer than ~1 day, a previously characterized carboxylate bridged 
compound is formed, which was identified by its electronic absorption spectrum 
and previously reported unit cell.16  Yield: 0.51 g, 90% yield. Cal for [Fe2(SR3-
                                                 
v Developed by Genqiang Xue and checked by Gregory Rohde 
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TPA)2(μ-O)(H2O)2](ClO4)4.H2O (C54H78Cl4Fe2N8O26): C, 42.99; H, 5.21; N, 7.43; 
Cl, 9.40. Found: C, 43.13; H, 5.05; N, 7.44; Cl, 9.20. For recrystallization, 10 mg 
complex was dissolved in 0.5 mL MeCN to obtain a clear orange solution, which 
was placed in an Et2O bath. Slight orange block-shaped crystals suitable for X-
ray diffraction study, vide infra, were formed when about 0.5 mL Et2O was 
diffused into the solution. 
Electronic Absorption Spectroscopy: 
Electronic absorption spectra were recorded on a Hewlett-Packard 
(Agilent) 8453A diode array spectrometer cooled using a liquid nitrogen cooled 
cryostat from Unisoku Scientific Instruments (Osaka, Japan).  This combination 
allows kinetic studies to be performed at temperatures below -85 ºC and to 
record a spectrum every 0.1 second. For rapid reactions with a reaction time of 
10 seconds, time traces at one wavelength can be obtained with about 100 data 
points for reliable kinetic fits.  
Resonance Raman Spectroscopy: 
IR Resonance Raman spectra were recorded on an Acton AM-506 
spectrophotometer, using a Kaiser Optical holographic supernotch filter with a 
Princeton Instruments LN/CCD-1100-PB/UVAR detector cooled with liquid 
nitrogen. Laser excitation was provided by a Spectra Physics BeamLok 2060-RM 
argon ion laser. The spectra were obtained at 77 K by using a 135°-
backscattering geometry, and the Raman frequencies were referenced to indene.   
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Reaction of diiron complexes with H2O2: 
Complex stock solutions were prepared by dissolving complexes into 
anhydrous MeCN purchased from Sigma-Aldrich and used without further 
purification. In some experiments, desired amount of water was added via an 
auto pipette to prepare solutions with certain concentration of water. The 
complex stock solutions were used within an hour, after which time signature 
bands in the UV-visible spectrum of the diferric µ-acetato complex16 were 
observed. H2O2 solutions were prepared by dissolving 70% stock solution in 
anhydrous MeCN. This solution contains a 1:1 molar ratio of H2O2:H2O. For a 
typical kinetic experiment, 2.0 mL of 0.5 mM diiron complex stock solution in 
MeCN was transferred into a UV-vis cuvette, which was then placed into a 
Unisoku cryostat. The solution was allowed to cool to the temperature of choice. 
The desired amount of hydrogen peroxide and/or tri-tert-butylphenol stock 
solutions in MeCN or DCM were added through a gas-tight syringe. The 
formation of 4A and 5A were monitored by their characteristic absorption 
features at 620 nm or 875 nm respectively. The time traces were subjected to 
fittings with a pseudo-first-order kinetic model.  
X-ray Absorption Spectroscopy: 
Iron K-edge X-ray absorption spectra were collected in fluorescence mode 
using a 30-element Ge detector on beamline X3B at the National Synchrotron 
Lightsource of Brookhaven National Laboratory (NSLS).  The synchrotron ring 
was operated at 2.8 GeV and 100-300 mA beam current and a Si(111) double 
crystal monochromator was used. The monochromator was calibrated to 7112.0 
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eV at the Fe K-edge using Fe foil on I3.  Samples were collected at 15-20 K over 
an energy range of 6.9-8.0 keV.  Data were collected on frozen 5 mM acetonitrile 
solution samples of 2A or 20:1 boronnitrile to crystaline 2A by mass.  The edge 
energies were routinely monitored during data collection for red-shifts indicative 
of sample photoreduction, but none were observed in the present study.  Data 
reduction, averaging, and normalization were performed using the program 
EXAFSPAK.93  A three-segment spline with fourth order components was then fit 
to the EXAFS region of the spectrum in order to extract χ(k).  Theoretical phase 
and amplitude parameters for a given absorber-scatterer pair were calculated 
using FEFF 6.01l and were utilized by the “opt” program of the EXAFSPAK 
package during curve-fitting. FEFF parameters for the solid and solution samples 
of 2A were calculated using similar coordinates of the crystal reported above.  In 
all analyses, the coordination number of a given shell was a fixed parameter, and 
was varied iteratively while bond lengths (r) and mean square deviation (σ2) were 
allowed to freely float. The amplitude reduction factor S0 was fixed at 0.9, while 
the edge shift parameter E0 was allowed to float as a single value for all shells 
(thus in any given fit, the number of floating parameters was typically equal to (2 
× num shells) + 1).  
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Chapter 3: Structural Investigation of the Diamond Core Motif in Nonheme Iron 
Chemistry. 
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3.1 Introduction: 
The structure of the high-valent diiron(IV) reactive intermediate of soluble 
methane monooxygenase (sMMO-Q) was first proposed as a diamond core 
when a short Fe-Fe scatterer at 2.46 Å was identified in the EXAFS data.2,25,51  
Additionally, one long and one short Fe-O bond were observed, which resulted in 
the diamond core being formulated as head-to-tail dimer of FeIV-O units.51  Two 
structural models for sMMO-Q emerged from computational studies in contrast to 
the original structure: the first was a structure proposed by Siegbahn with two 
bridging carboxylates to accommodate the short Fe-Fe distance observed 
experimentally,94,95 and a second model from Friesner and Lippard was derived 
from the diferrous crystal structure of sMMO which has one bridging carboxylate 
and a terminal aqua ligand on one of the Fe atoms.96,97  In both models, a longer 
Fe-Fe distance of about 2.7 Å is predicted; however it should be noted that a 
diamond core is still the accepted motif of sMMO-Q.95–97  Indeed, vibrations 
consistent with the diamond core motif were observed in the resonance Raman 
spectrum for sMMO-Q, which provided compelling data to corroborate the 
original diamond core assignment.52     
The structure of a related high-valent diiron core intermediate from 
ribonucleotide reductase, RNR-X, has also been investigated.  The spectroscopy 
of RNR-X is richer than sMMO-Q because of its Kramer’s system derived from its 
FeIVFeIII core allowing for additional methods like EPR and MCD to help calibrate 
the calculated structures.  A short 2.5 Å Fe-Fe scatterer distance in the EXAFS 
data of RNR-X lead the authors to assign a diamond core motif to the feature.60  
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As with sMMO-Q, a longer Fe-Fe distance was calculated causing this result to 
be called into question.56,95–97  Indeed, a recent study of RNR-X found a much 
longer Fe-Fe distance of 2.8 Å in agreement with the computed models.56  This 
study also raised concerns about the short Fe-Fe distance originally found for 
sMMO-Q. 
About ten years after the synthesis of the FeIVFeIII diamond core, a 
FeIV2(µ-O)2  model complex (4A) was obtained (Figure 3.1).8  Importantly, the 
Mössbauer spectrum displayed an isomer shift of -0.04 mm/s and was consistent 
with two antiferromagnetically coupled FeIV centers; however, the Fe-Fe distance 
was observed to have a 2.73 Å Fe-Fe distance with EXAFS.8  The Fe-Fe 
distance in 4A is longer than found for sMMO-Q and the one-electron-reduced 
FeIVFeIII model compounds supported by the 5-Et3TPA (5B) and 5-Me3TPA (5C) 
ligands (Figure 3.1).4,8,51  This is a curious result because the Fe-O distances of 
the diamond core should not lengthen with an increased oxidation state and 
some other core perturbation must happen if the structure of 4A determined by 
EXAFS is accurate.   
 
Figure 3.1: Summary of diiron cores in Chapter 3. 
More accurate structural information would improve current models and 
provide evidence to help differentiate between the original head-to-tail dimer 
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model of sMMO-Q51 and the computational core.51,95  Additionally, the first 
FeIVFeIII high-valent diamond core Fe-Fe distances determined by EXAFS were 
underestimated by 0.07 Å compared to the crystal structure; this was even after 
the EXAFS fit was calibrated by the crystal structure.4,40  The goal of this study is 
to isolate and structurally characterized iron(III) and iron(IV) model compounds 
supported by ligand A and compare them to other known high-valent model 
complexes and enzyme intermediates (Figure 3.1).  Both X-ray diffraction and 
EXAFS techniques were used to study the diamond core motifs when 
appropriate.  The one-pot synthesis of 4A described earlier provides a facile way 
to obtain X-ray diffraction quality crystals, and the crystal structure of 4A may 
provide specific bond information to update the structure assigned by EXAFS as 
well as provide a larger reference set of bond lengths for high-valent diiron 
compounds. 
3.2 Results and Discussion: 
Isolation of a crystal of 4A: 
The one-step synthesis of 4A discussed in Chapter 2 facilitated the 
crystallization of the Fe2O2 diamond core.  The lifetime of 4A (t1/2 ~10 hours at -
40° C) did not prove long enough to isolate crystals at -40° C.  Instead, crystals 
1A were identified by its previously published unit cell, presumably formed by 
solvent oxidation over the course of a week.16 Crystallization of 4A was achieved 
by first reacting 21 mg of 2A with one equivalent each of H2O2 and 3-
bromopyridine in a 2 mL butyronitrile solution at -40° C for 20 minutes producing 
a dark red solution.  The solution was then cooled to -80° C, and 1 mL of diethyl 
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ether was layered on the red solution.  The dark red solution of 4A was stable for 
weeks at -80° C and yielded dark red crystals in the shape of blocks, which were 
stable for months in the mother liquor at -80° C.  At temperatures above -80° C 
and in the presence of the mother liquor, the dark red blocks lost crystallinity and 
quickly decayed to a green species, the color of which closely resembled that of 
the 1-e- reduced species, 5A.  In the absence of the mother liquor, the dark red 
crystals quickly lost their luster and decayed to the green species at a slower 
rate.  To obtain a structure of 4A, a slide containing the dark red crystals was 
precooled with N2(l) and a suitable crystal was quickly mounted on an X-ray 
diffractometer cooled to -150° C.  The amount of time the crystal was not in the 
mother liquor or above -150° C was kept to a minimum.  The crystal diffracted to 
a resolution of 1.1 Å and was solved using direct methods. 
Along with one-half of two molecules of interest (both located on inversion 
centers), 4 perchlorate counter ions and 5.5 butyronitrile molecules were found in 
the asymmetric unit.   The loss of long-range order above -80° C was likely due 
to solvent loss rather than decay of 4A.  The solvent molecules, along with the 
counter ions, create pockets that shield the tetra-cationic iron complexes from 
neighboring cations and give rise to a crystalline solid.  After the data collection, 
the single crystal was transferred from the diffractometer to a microscope where 
it was observed to decay to the green solid, most likely the one-electron reduced 
5A.  A separate batch of crystals was washed with diethyl ether at -80° C and 
then dissolved in acetonitrile at -40° C, resulting in a solution that exhibited the 
characteristic electronic absorption and ESI-MS spectra of 4A.  The bond 
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distances are in good agreement with previously published EXAFS data;8 
however the higher resolution of the crystal structure allows for the differentiation 
between bonds that are ambiguous in the EXAFS experiment.  The observation 
of the diamond core unequivocally established the structure of the previously 
characterized 4A (Figure 3.2).  Relevant bond distances comparing diiron 
complexes in different protonation and oxidation states are listed in Table 3.1, 
and are discussed below. 
 
Figure 3.2:  Structure of 4A ([FeIV2-µ-O2]4+), thermal ellipsoids drawn to the 50% 
probability level, with hydrogen atoms removed for clarity.  An inversion center is 
present at the center of the Fe2O2 core resulting in the one half of the molecule 
unique.  Selected bond distances (Å) and angles (°): Fe1-O1, 1.787(6) ; Fe1-
O1A, 1.810(9); Fe1-Fe1A, 2.711(4); Fe-Nave, 1.974; Fe1-O1-Fe1A, 97.8(4).
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Table 3.1:  Select bond distances and angles for diamond core structures obtained from XRD and XAS. 
 1A  
XRD b 
1A  
XAS 
2Aa  
XRD 
5Bc  
XRD 
5Bc  
XAS 
5A  
XRD 
5A 
XAS 
4Aa  
XRD 
4A 
XASg 
Fe1-O1 1.883(3)d 1.80 1.926(2) 1.805(3) 1.83 1.780(4) 1.75 1.787(6) 1.78 
Fe1-O1A 1.934(2)d 1.97 1.995(2) 1.860(3) n/r 1.827(5) n/r 1.810(9) n/r 
Fe1-N1 2.183(3) n/r 2.150(3) 2.049(3) n/r 2.012(6) n/r 1.993(8) n/r 
Fe1-N2 2.147(3) n/r 2.116(3) 2.025(3) n/r 1.996(5) n/r 1.970(9) n/r 
Fe1-N3 2.151(3) n/r 2.088(3) 2.003(3) n/r 1.988(6) n/r 1.958(9) n/r 
Fe1-N4 2.134(3) n/r 2.105(3) 2.025(3) n/r 1.983(6) n/r 1.973(8) n/r 
Fe1-Fe1A 2.7920(9) 2.80 3.0224(10) 2.683(1) 2.61 2.596(2) 2.57 2.711(4) 2.73 
Fe-Npy ave 2.144(9)e n/a 2.103(14)e 2.018(13)e n/a 1.991(5)e n/r 1.967(8)e n/r 
Fe-Nave 2.154(21)e 2.14 2.115 (26)e 2.026 (19)e 2.00 1.995(13)e 1.95 1.974(15)e 1.97 
Fe1-O1-Fe1A 94.01(11) 96fave 100.86(11) 94.1  92.1(2)  97.8(4)  
O1-Fe1-O1A 85.99(11) 84f 79.14(11) 85.9  87.9(2)  82.2(4)  
Fe1-Ooxo-Fe1A  102f        
Fe1-Ohyd-Fe1A  90f        
The numbering scheme for all compounds is depicted in Figure 3.2.  a Average of two molecules in the asymmetric unit, b from ref 16, 
c from ref 4 using 5-Et3TPA Ligand, d oxo and hydroxo ligands were not resolved in XRD due to disorder over an inversion center, 
n/r = not resolved due to the resolution of the XAS measurement, e standard deviation reported from average of Fe-N distances 
specified from the crystal structures, f calculated from bond distance derived from EXAFS using a model with a 2-fold axis bisecting 
the µ-oxo and µ-hydroxo oxygen atoms. g from reference 8.  
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Revisiting the diamond core of 1A: 
The crystal structure of 1A was recently reported.16 However, due to an 
inversion center being present in the diamond core of 1A, the Fe-µ-O and Fe-µ-
OH bonds were disordered over two positions.  Traditional X-ray diffraction 
methods are unable to separate the two bond distances due to the 
crystallographic symmetry averaging.  To differentiate the Fe-µ-O and Fe-µ-OH 
bond distances, EXAFS was used.  The EXAFS measurement is only dependent 
on the local chemical environment and not the crystallographic symmetry.  
Similar bond distances may be differentiated if their difference is greater than the 
resolution of the measurement.  A crystalline sample of 1Avi was used to prepare 
the EXAFS sample.16  The EXAFS data was collected at 20 K and is displayed 
with the best fits in Figure 3.3 and Table 3.2.  Excellent agreement between the 
XAS and XRD data was observed with average Fe-N distances of 2.15(2) Å and 
2.14 Å for XRD and EXAFS, respectively, and the Fe-Fe distance was also in 
excellent agreement (2.7920(9) Å XRD and 2.80 Å EXAFS).  Importantly, the 
resolution of the EXAFS measurement, 0.12 Å, allowed for the differentiation of 
the two Fe-µ-O(H) distances, with an Fe-µ-O distance at 1.80 Å and an Fe-µ-OH 
distance at 1.97 Å.  The Fe-µ-O distance of 1.80 Å of 1A approaches the Fe-O 
bond distance of 1.78 Å from the linear Fe-O-Fe diferric complexes supported by 
similar tetradentate N-donor ligands and the Fe-µ-O(H) bond distances also 
compares well with similar bond distances (see below).26,98  Alternative fits of the 
                                                 
vi The unit cell of the crystalline 1A used to prepare the EXAFS sample matched 
the published parameters.16 
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EXAFS data including both Fe-O scatterers in the same shell resulted in lower 
quality fits to the experimental data (Table 3.2).  The asymmetric core of 1A was 
able to be accurately modeled by the EXAFS experiment. 
 
Figure 3.3: Fourier-transformed Fe K-edge EXAFS data obtained at 20 K of a 
1:13 1A:BN solid state sample.  (Inset) k3χ’(k) data.  Fourier transform range 1-
14 Å-1; experimental data (dotted line) and best fit solid line; scatterers consisting 
of 1 O at 1.80 Å, 1 O at 1.97 Å, 4 N at 2.14 Å, 1 Fe at 2.80 Å and an additional 
Fe-C shell at 3.01 Å. 
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Table 3.2: EXAFS fitting to unfiltered EXAFS data of a 1:13 1A: BN crystalline sample 
using Feff phase and amplitude parameters listed in (Å).  
Fit Fe-N Fe-O  Fe-C  Fe-Fe   
# N R σ2 N R σ2 N R σ2 N R σ2 E0 F F’ 
Default phase and amplitude parameters 
 Feff 2.147 
   
1.814 Oxo 
1.994 OH  
2.086 
  
 2.772  
   
1* 4 
 
2.139 
 
3.3 
 
1 
1 
1.802 
1.973 
1.5 
4.7 
6 3.006 1.3 1 2.804 3.8 -5.63 
 
124 
 
386 
 
2 4 2.123 3.2 2 1.829 9.3 6 2.996 1.6 1 2.793 3.5 -6.48 151 423 
k range = 1-14 Å–1, resolution = 0.12 Å, σ2 = mean-squared deviation in units of  10–3 Å 
2. Scale Factor S02 = 0.9.  Goodness-of-fit = F calculated as ∑ −=
2
exp
6 )(
calc
kF χχ . 
∑ ∑−=
2
exp
62
exp
6 /)(' χχχ kkF
calc
. * = Best Fit 
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Crystal Structure of 2A: 
Suitable crystals of 2A for X-ray diffraction were grown from the slow 
diffusion of diethyl ether into an acetonitrile solution of microcrystalline 2A and 
resulted in an orange crystal.  The diamond core structure of 2A (Figure 3.4, 
Table 3.1) is similar to those of (µ-hydroxo)-(µ-oxo)diiron(III) (1A) complexes 
supported by similar ligands.16,26  The Fe-µ-O(H) bond distances in each 
molecule are not symmetric, with Fe-µ-O(H) bond distances of 1.995(2) Å and 
1.926(2) Å (Table 3.1), the first falling within the range of previously published 
bridging Fe-µ-O(H) bonds and very close to the Fe-µ-O(H) bond distance 
determined by EXAFS of 1A.  The second Fe-µ-O(H) bond distance is on the 
shorter end of the range, but significantly longer than the Fe-µ-O bond of 1A 
determined by EXAFS.16,26  The average Fe-Namine and Fe-Npyr bond lengths of 
2A are shorter by about 0.03 Å and 0.05 Å, respectively, compared to 1A.  The 
shorter Fe-N bonds of 2A are due to the lower basicity of the hydroxo ligands of 
2A compared to the oxo and hydroxo ligands for 1A (Table 3.1), making the iron 
centers more Lewis acidic that those of 1A.16,26  Interestingly, the longest Fe-Fe 
distance of the series was observed for compound 2A at 3.0224(10) Å. 
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Figure 3.4: Thermal ellipsoid plot of 2A showing 50% probability ellipsoids.  Non-
oxygen bound hydrogen atoms, counterions and solvent molecules were 
removed for clarity.  Colors of atoms: carbon- gray, oxygen- red, nitrogen- blue, 
iron- orange, hydrogen- green sphere.  Selected bond distances (Å) and angles 
(°): Fe1-O1, 1.926(2) ; Fe1-O1A, 1.995(2); Fe1-Fe1A, 23.0224(10); Fe-Nave, 
2.115; Fe1-O1-Fe1A, 100.86(11). 
Crystal Structure of 5A: 
An X-ray diffraction quality crystal of 5A was obtained by first generating 
5A in a butyronitrile solution by reacting 1A with 2 equivalents H2O2 and then 
layering the solution with diethyl ether at -80° C.8  The green crystals of 5A also 
were susceptible to solvent loss, although to a lesser degree than 4A, with only 1 
butyronitrile molecule in the asymmetric unit as compared to 5.5 for the red 
crystals of 4A.  A cold mount as described above was used to maintain the 
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crystallinity while the crystal of 5A was being mounted on the diffractometer.  Not 
surprisingly, Fe-O and Fe-N bond distances of the mixed-valent 5A (Figure 3.5, 
Table 3.1) were found to be shorter by over 0.1 Å than the corresponding diferric 
species due to the 0.5 increase in the oxidation state and change of the spin 
state of the Fe atoms.  Interestingly, the Fe-(µ-O)2-Fe diamond core of 5A was 
also found on an inversion center, with two distinct Fe-µ-O bonds, supporting the 
valence delocalized Fe3.5+ oxidation state, and consistent with the previously 
reported 5B.4,8,40–42  The Fe-O lengths are 0.025 and 0.033 Å shorter and the 
average Fe-N bonds are shorter by over 0.030 Å for 5A than corresponding 
values for 5B.  The contraction of the Fe-N bonds is rationalized by the more 
Lewis basic ligand A.  The shorter Fe-(µ-O) bonds of 5A may be a result of the 
O-Fe-O angle being closer to the ideal 90°.  Most notably, the Fe-Fe distances 
for 5A and 5B are 2.596(2) Å and 2.683(1) Å, respectively.  The shorter Fe-Fe 
distance is mainly due to the contraction of the Fe-O bonds and the more acute 
Fe-O-Fe angle, which decreased from 94.1° to 92.1(2)° from 5B to 5A, 
respectively.4 
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Figure 3.5: Structure of 5A with hydrogen atoms, counterions and solvent 
molecules removed for clarity.  Ellipsoids are displayed at 50% probability level.  
Atom colors: carbon- gray, oxygen- red, nitrogen- blue, iron-green.  Selected 
bond distances (Å) and angles (°): Fe1-O1, 1.780(4) ; Fe1-O1A, 1.827(5); Fe1-
Fe1A, 2.596(2); Fe-Nave, 1.995; Fe1-O1-Fe1A, 92.1(2). 
EXAFS analysis of 5A in Frozen Solution:  
 The 8 mM frozen solution sample of 5A was analyzed by EXAFS and had 
similar structural parameters as the crystal structure.  The fitting table and 
EXAFS data are displayed in Figure 3.6 and Table 3.3.  Five scattering shells 
were fit to a k range of 2-14 Å-1 including two Fe-O scatterers at 1.75 Å , four Fe-
N scatterers at 1.96 Å, an Fe-Fe scatterer at 2.57 Å and two sets of Fe-C 
scatterers at 2.77 and 2.92 Å (Figure 3.6, Table 3.3: Fit 13).  The first 
coordination sphere Fe-O and Fe-N scatterers and the outer shell Fe-Fe 
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scatterer at 2.57 Å are in reasonable agreement with the crystallographically 
determined distances (Table 3.1 and Table 3.3: Fit 13).  The intense scatterer at 
around 2.3 Å in the Fourier transform has a major contribution from the Fe-Fe 
scatterer (2.57 Å), and is consistent with the presence of a diamond core motif. 
 
Figure 3.6: Fourier-transformed Fe K-edge EXAFS data obtained at 20 K of an 8 
mM solution sample of 5A in acetonitrile.  (Inset) k3χ’(k) data.  Fourier transform 
range 2-14 Å-1; experimental data (dotted line) and best fit (solid line), consisting 
of 1 O at 1.75 Å, 3 N at 1.95 Å, 1 Fe at 2.57 Å and two additional Fe-C shells at 
2.77 and 2.93 Å modeled with 4 and 6 scatterers, respectively. 
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Table 3.3: EXAFS fitting to unfiltered EXAFS data of 5A using Feff phase and amplitude 
parameters listed in (Å).  
Fit Fe-N Fe-O  Fe-C  Fe-Fe   
# N R σ2 N R σ2 N R σ2 N R σ2 E0 F F’ 
Default phase and amplitude parameters form EXAFSPAK 
 3 
 
1.971 
 
5.9 
 
2 1.771 6.3 3 
4 
2.801 
2.961 
1.4 
0.5 
1 2.590 2.8 -5.90 
 
148 
 
450 
 
Feff 1.98   1.77   2.96,   2.59      
1 3 1.968 6.0 2 1.765 6.1       -13.0 468 802 
2 4 1.962 8.6 2 1.754 6.4       -13.0 474 807 
3 4 1.946 9.7 1 1.747 3.0       -11.3 467 801 
4 3 1.968 6.1 2 1.766 6.1       -13.0 468 802 
5 3 1.975 6.1 2 1.773 6.6 6 2.875 8.1 1 2.569 4.1 -10.4 193 515 
6 3 
 
1.967 
 
6.3 
 
2 
 
1.766 
 
6.8 
 
6 
6 
2.932 
2.768 
2.7 
4.7 
1 2.562 3.6 -10.9 
 
159 
 
468 
 
7 4 
 
1.956 
 
8.8 
 
2 
 
1.749 7.2 6 
6 
2.928 
2.765 
2.3 
4.0 
1 2.560 2.4 -11.6 
 
172 
 
487 
 
8 4 
 
1.937 
 
9.5 
 
1 
 
1.738 
 
3.2 
 
6 
6 
2.936 
2.771 
2.4 
4.2 
1 2.565 2.4 -10.5 
 
160 
 
469 
 
9 3 
 
1.946 
 
6.8 
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1.751 
 
2.8 
 
6 
6 
2.938 
2.772 
2.6 
4.5 
1 2.566 2.5 -9.9 
 
153 
 
458 
 
10 3 
 
1.948 
 
6.7 
 
1 
 
1.752 
 
2.8 
 
6 
4 
2.929 
2.770 
2.2 
1.2 
1 2.573 2.4 -9.6 
 
148 
 
451 
 
11 3 
 
1.969 
 
6.4 
 
2 
 
1.767 
 
7.0 
 
6 
4 
2.922 
2.764 
2.0 
1.2 
1 2.568 2.4 -10.7 
 
156 
 
463 
 
12 4 
 
1.940 
 
9.5 
 
1 1.740 3.2 6 
4 
2.935 
2.767 
2.0 
1.1 
1 2.570 2.4 -10.2 
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461 
 
13* 4 
 
1.961 
 
8.9 
 
2 
 
1.753 
 
7.3 
 
6 
4 
2.922 
2.767 
1.7 
0.8 
1 
 
2.569 
 
2.4 
 
-11.1 
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479 
 
k range = 2-14 Å–1, resolution = 0.132 Å, σ2 = mean-squared deviation in units of  10–3 Å 2. Scale 
Factor S02 = 0.9.  Goodness-of-fit = F calculated as ∑ −=
2
exp
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2
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Crystal Structure of 4A: 
The structure of 4A (Figure 3.2, Table 3.1) also displays a contraction of 
the first coordination sphere of the Fe atoms in general compared to the lower 
oxidation state complexes supported by tetradentate N-rich ligands.  Modest 
contractions are seen between 5A and 4A.  The Fe-Namine distances contracted 
from 2.012(6) in 5A to 1.995(8) in 4A and the average Fe-Nave contracted from 
1.995(6) in 5A to 1.969(8) in 4A.  The short Fe-O distance barely increased from 
1.780(4) in 5A to 1.787(6) in 4A (this difference is close to the s.u. of the 
measurement) and a decrease of the longer Fe-O bond from 1.827(5) in 5A to 
1.815(9) in 4A was observed.  The Fe-Fe distance increased substantially from 
2.596(2) in 5A to 2.715(4) in 4A.  This contraction of the first coordination sphere 
and expansion of the Fe-Fe distance resulted in a more distorted diamond core 
of 4A, with the Fe-O-Fe angle deviating farther from the ideal 90° to 97.8° in 4A 
as compared to 92.1° for 5A.  The initial structural characterization of 4A with 
EXAFS is in excellent agreement with an Fe-O distance 1.77 Å and an Fe-Fe 
distance of 2.73 Å.  The longer Fe-Fe distance compared to the one-electron 
reduced 5A and 5B was difficult to rationalize, but may now be properly 
interpreted by the unequal Fe-O bond distances in the diamond core and the 
larger Fe-O-Fe angle.  The longer Fe-Fe distance for 4A compared to 5A may be 
explained by a greater repulsive force between two tetracationinc point charges, 
compared to the smaller force from the 3.5+ charges on the Fe atoms in 5A.   
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Comparison of High-Valent Model Complexes:  
The diamond core structure has flexibility, adjusting bond lengths and 
angles to accommodate the different charge and protonation states.  The Fe-O 
distance of 1.80 Å for 1A is indistinguishable within the error of EXAFS (0.02 Å) 
from the shortest Fe-O distances of both 4A and 5A.  Thus the shortest Fe-O 
bond distance remains relatively constant for the three diamond core structures 
in different iron oxidation states, illustrating the consistency of the Fe-µ-oxo bond 
in a diamond core arrangement.  The Fe-O(H) and Fe-N bond distances range 
from 1.81 – 2.00 Å for the Fe-O(H) bond lengths and 1.97 - 2.15 Å for the Fe-Nave 
bond lengths to adjust to the changes in core charges.  In addition, the angles of 
the [Fe2(µ-O)2] diamond core also adjust to the varying charge on the Fe atoms 
and protonation states of the bridging oxygen atoms.  Interestingly, the Fe-Fe 
distances vary widely from 2.60 – 3.02 Å, with 2A having the longest distance 
and 5A the shortest.  The contraction of the Fe-Fe distances parallels the 
decrease in the bond distances of first coordination sphere except in complex 
4A.  The tetracationic complexes 4A and 2A have the largest Fe-O-Fe angles at 
99° and 101°, respectively, while the tricationic cores of 1A and 3A have angles 
much closer to 90°.  The Lewis basicity of the supporting ligand has a dramatic 
effect on the Fe-Fe distance as illustrated by a difference of almost 0.09 Å found 
between the Fe-Fe distances of 5A and 5B.  As there is about a 1 pKa unit 
difference in the precursor diferric compounds, the shorter Fe-Fe distance of 5A 
may result from the more electron density donated by the Lewis basic ligand A 
than ligand B to the +3.5 charge on each iron center, which decreases the 
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repulsion of the two +3.5 point charges and allows for the angles of the Fe2(μ-O)2 
core to be closer to the ideal 90°.  Finally, replacing the µ-oxo ligand in 1A with a 
µ-hydroxo ligand in 2A increases the Fe-Fe distance by over 0.2 Å. 
Comparison to High-Valent Enzyme Intermediates: 
The recent structural study on Class Ia Ribonucleotide Reductase 
Intermediate X (RNR-X) using EXAFS found a longer Fe-Fe distance of 2.8 Å for 
the enzyme intermediate,56 which was 0.3 Å longer than the first Fe-Fe distance 
found by a study completed over 15 years previously (Table 3.4). 60  The large 
discrepancy was hard to rationalize especially considering the signal-to-noise 
ratios of the studies were reported to be comparable. 56  However, the new 
structural assignment is in better agreement with theoretical predictions99 and 
was collected on a sample with a higher yield.56  Interestingly, the two model 
complexes that have the same oxidation state as RNR-X, 5A and 5B, have Fe-
Fe distances that fall between the two distances of RNR-X determined by 
EXAFS, the Fe-Fe distance of the most recent structural study on RNR-X is the 
same as the diferric structure 1A at a distance of 2.79 Å.4,16,56,60  However 
beyond demonstrating the flexibility of the diamond core, a strict structural 
comparison has limited utility because there are two distinct Fe centers in the 
RNR-X FeIVFeIII core as compared to only one Fe environment in the model 
complexes.41,42,55  However, combining one half of the 4A core, representing the 
FeIV site in RNR-X, with one half of the 1A core, representing the FeIII site in 
RNR-X, an Fe-Fe distance of ~2.8 Å is very reasonable, especially considering 
that the distance of the short Fe-µ-oxo bond is relatively constant. 
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Table 3.4: Number of scatterers and scatterer distances (Å) 
of reactive nonheme diiron enzyme intermediates from XAS. 
Fe-Scatterer RNR-X a RNR-X b MMO-Q c 
Fe 0.5 @ 2.5 0.65 @ 2.8 0.6 @ 2.5 
O 0.5 @ 1.77 0.65 @ 1.75 0.6 @ 1.77 
O/N 4 @ 2.04 5 @ 2.02 4 @ 2.05 
Scatterer numbers less than one reflect the fact that the 
sample is not pure. Ref: a 60, b 56, c 51 
The crystal structure of 4A is most consistent with the calculated 
structures for sMMO-Q; both have an Fe-Fe distance of 2.7 Å.  Additionally, the 
computational models propose two Fe-O bonds (~1.76 – 1.84 Å), which are 
consistent with the crystal structure of 4A and are in contrast to the Fe-O bonds 
of the original head-to-tail dimer (1.77 and 2.05 Å).51,94–96  Although the spin 
states are different with individual S = 1 Fe sites in 4A and S = 2 Fe sites in 
sMMO-Q, the Fe-O bond lengths in the diamond core are not likely to change 
substantially.  Well characterized S = 1 and S = 2 ferryl model complexes were 
found to have Fe=O distances between 1.65 – 1.70 Å, that are independent of 
spin state.37  The bond lengths of the supporting ligand (protein) likely control the 
spin state.  Moreover, the Fe2O2 core vibrations observed in the resonance 
Raman spectrum of sMMO-Q closely match those of 4A.8,52  Although the 
properties of the sMMO-Q Fe2O2 core are now better understood, more 
spectroscopic data, like X-ray spectroscopy, is necessary to further calibrate the 
computational models to understand how the diamond core is supported in the 
protein environment.   
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3.3 Experimental: 
Synthesis: 
[Fe2(R3TPA)2(μ-O)(μ-OH)](ClO4)3 (1A) was prepared according to the reported 
methods.16  
[Fe2(R3TPA)2(μ-OH)2](ClO4)4 •H2O (2A) was prepared as previously discussed in 
Chapter 2. 
[Fe2(R3TPA)2(μ-O)2](ClO4)4 •5.5 (PrCN) (4A) was prepared by reacting 21 mg of 
2A with one equivalent each of H2O2 and 3-bromopyridine in a 2 mL butyronitrile 
solution at -40° C for 20 minutes producing a dark red solution.  The solution was 
then cooled to -80° C, and 1 mL of diethyl ether was layered on the red solution.  
The dark red solution of 4A was stable for weeks at -80° C and yielded dark red 
crystals in the shape of blocks, which were stable for months in the mother liquor 
at -80° C.  Crystals of 4A dissolved in an acetonitrile solution exhibited the 
characteristic electronic absorption spectrum and m/z splitting pattern in the ESI-
MS spectrum.8 
[Fe2(R3TPA)2(μ-O)2](ClO4)3 •1 (PrCN) (5A) was prepared as previously reported 
except in a butyronitrile solution and then layering the solution with diethyl ether 
at -80° C.4,8 
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X-Ray Diffraction:  
The crystals were mounted onto glass fibers or MiTeGen mounts and 
positioned on the diffractometer for a data collection with specific collection 
details displayed in Tables 3.5 below.  A preliminary set of cell constants was 
calculated from reflections harvested from three sets of 12-20 frames.  A 
randomly oriented region of reciprocal space was surveyed to the extent of one 
sphere consisting of four major sections of frames and was collected with 0.50º 
steps in ω at four different φ settings with a detector position of -28º in 2θ for the 
MoKα radiation collections.  A collection strategy was developed using the 
Queen program in the APEX II software suite to ensure full coverage for the 
CuKα radiation collections.100  The intensity data were corrected for absorption 
and decay.101  Final cell constants were calculated from the xyz centroids of 
strong reflections from the actual data collection after integration.102  The space 
groups were determined based on systematic absences and intensity statistics 
with the program XPREP.103  A direct-methods solution was calculated using 
SHELXS-97 (unless otherwise stated) which provided most non-hydrogen atoms 
from the E-map.20  Full-matrix least squares / difference Fourier cycles were 
performed which located the remaining non-hydrogen atoms.  The atoms were 
refined as with anisotropic displacement parameters with hydrogen atoms riding 
with relative isotrpic displacement parameters.  The structures were refined using 
SHELXL-97.20    Specific refinement details are described below located in Table 
3.5. 
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Table 3.5: Crystal structure collection and refinement information of diiron 
compounds 
 2A 5A 4A 
Empirical 
formula 
C62H88Cl4Fe2N12O25 C62H90Cl3Fe2N10O22 C152H221Cl8Fe4N27O48 
Temp. (K) 173(2) 123 (2) 123 (2) 
λ (Å) 0.71073 1.54178 1.54178 
Space 
group 
P-1 C2/c P-1 
a (Å) 11.6839(13) 27.9262(12) 14.2183(9) 
b (Å) 13.3450(15) 11.1080(4) 15.7200(10) 
c (Å) 25.013(3) 22.8446(10) 21.5627(13) 
α (°) 75.1520(10) 90 86.579(4) 
β (°) 84.9130(10) 105.110(3) 71.452(4) 
γ (°) 87.7530(10) 90 72.753(4) 
Z 2 4 1 
θ max (°) 26.37 25.37 47.23 
Complete 98.7% 99.3% 99.0% 
R(int)a 0.0391 0.0564 0.1290 
Data 15161 6021 7795 
Restraints 98 68 578 
Parameters 1090 496 971 
R1b [I > 
2σ(I)] 
0.0557 0.0875 0.0991 
wR2c 0.1544 0.2723 0.2926 
GooFd 1.030 1.023 1.030 
a Rint = Σ |Fo2 -< Fo2 >| / Σ |Fo 2|, b R1 = Σ ||Fo|-|Fc|| / Σ |Fo|, c wR2 = [Σ 
[w(Fo2-Fc 2)2] / Σ [w(Fo2 )2]]1/2 where w = q / [σ2 (Fo2) + (a*P)2 + b*P + d + 
e*sin(θ)], d GooF = S = [Σ [w(Fo2-Fc 2)2] / (n-p)]1/2 
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Refinement details for 4A: 
Refinement of complex 4A was carried out in a routine manner as 
previously described.  The asymmetric unit is displayed in Figure 3.7.  
Additionally, two distinct halves of the molecule of interested located on an 
inversion center.  Oxygen atoms of the perchlorate counterions and all atoms in 
the butyronitrile solvent molecules were refined with isotropic displacement 
parameters.  All hydrogen atoms were placed in ideal positions and refined as 
riding atoms with relative isotropic displacement parameters.  All α and β 
distances for all atoms in the molecule of interest were restrained to be the same 
using the SAME.20  Two of the four perchlorate counterions were disordered and 
modeled over two positions in a 54:46 and 91:9.  All perchlorate counterions 
were modeled as perfect tetrahedrons using the distance restraint DFIX.20  All Cl-
O distances were restrained to be equal and freely refined to 1.431 Å and all O-O 
distances were restrained to be equal and freely refined to 1.431 Å times 1.633, 
the factor to model the ion as a perfect tetrahedron.  Additionally, all α and β 
distances in the perchlorate counterions were restrained to be the same using 
the SAME.20  The 5.5 butyronitrile solvent molecules were clearly visible on the 
E-map after full-matrix least squares / difference Fourier cycles were performed.  
All like bonds of the butyronitrile, C-N, Cα-Cβ, ect., were set to be equal and 
allowed to freely refine to a chemically reasonable 1.127, 1.439, 1.494 and 1.516 
Å for the bonds in butyronitrile starting from the nitrile bond.  Remarkably, the 
only butyronitrile molecule that was disordered was located on an inversion 
center and was modeled as over the inversion center in a 50:50 ratio using the 
 105 
Part -1 statement in SHELXL.  The butyronitrile molecules formed a solvent 
channel throughout the crystal lattice (Figure 3.8), which likely lead to the 
instability of the crystals even at low temperature.  All overlapping atom pairs 
were constrained to have the same displacement parameters using the EADP 
command.20  The data to parameter ratio was closely monitored and was 8.0, 
which is lower than the 10 recommended by the IUCr community for a 
centrosymmetric structure (8 for a noncentrosymmetric structure).104  However, in 
addition to an acceptable GooF of 1.03 and reasonable R factor of 9.9, the 
presence of two molecules in the asymmetric unit allows for internal averaging 
which supports the arguement that the reported distances and standard 
uncertainties are reasonable.  Although the resolution is low at 1.01 Å, the 
structure and standard deviations are representative of the structure. 
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Figure 3.7: Asymmetric unit of 4A with thermal ellipsoids drawn to the 50% 
probability level with hydrogen atoms removed for clarity. 
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Figure 3.8: Packing diagram of 4A looking down the a-axis.  Hydrogen atoms 
are removed for clarity.  The butyronitrile solvent molecules and the perchlorate 
counterions form a channel surrounding the tetra-cationic compound of interest, 
likely buffering the large positive charged cations from their neighbors.  Atom 
colors: carbon- gray, oxygen- small red, nitrogen- blue, iron- large red, chlorine- 
green. 
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Refinement details for 5A: 
Refinement of complex 5A was carried out in a routine manner as 
previously described, except it was solved using SIR2011.105  The asymmetric 
unit is displayed in Figure 3.9.  Additionally, one water molecule was located in 
the unit cell and H-bonded to perchlorate counter anions.  The two water 
hydrogens were first located on a difference map and then refined as riding 
atoms with relative isotropic displacement parameters.  All non-water hydrogen 
atoms were placed in ideal positions and refined as riding atoms with relative 
isotropic displacement parameters.  The two perchlorate counterions and the 
butyronitrile molecule were modeled over two positions with occupancy ratios of 
91:9, 91:9 and 69:31 respectively.  All atoms pairs in the disordered anions and 
solvent molecules were constrained to have the same anisotropic displacement 
parameters (EADP),20  and restrained to have all bond distances the same 
(SAME).20  All perchlorate ions and butyronitrile molecules were refined in a 
similar manner as discussed in the refinement of 4A.  
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Figure 3.9: Asymmetric unit of 5A with thermal ellipsoids drawn to the 50% 
probability level with hydrogen atoms removed for clarity. 
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Refinement details for 2A: 
Refinement of complex 2A was carried out in a routine manner as 
previously described.  The asymmetric unit is displayed in Figure 3.10.  All non-
hydrogen atoms were refined with anisotropic displacement parameters.  All 
hydrogen atoms bonded to carbon atoms were placed in ideal positions and 
refined as riding atoms with relative isotropic displacement parameters.  
Hydrogen atoms H1 and H1’ were located on a difference Fourier map and 
refined with isotropic displacement parameters.  Hydrogen atoms H2O and H3O 
were located on a difference Fourier map and refined as riding atoms at 0.85 Å 
with relative isotropic displacement parameters.  The methyl group bonded to O2 
was modeled over two positions (55:45).  Four acetonitrile molecules were 
located in the asymmetric unit and one of acetonitrile molecules was modeled 
over two positions (77:33).  Four disordered perchlorate ions were modeled as 
perfect tetrahedrons over at least two positions in the asymmetric unit and their 
occupancies were allowed to refine freely.  The μ-hydroxo ligand had disordered 
H-bonded acceptors and H-bonded to the O21 water molecule and a perchlorate 
counter ion in a 90:10 ratio, respectively. 
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Figure 3.10: Asymmetric unit of 2A with thermal ellipsoids drawn to the 50% 
probability level with hydrogen atoms removed for clarity. 
X-ray Absorption Spectroscopy: 
Iron K-edge X-ray absorption spectra were collected and analyzed as 
previously described in Chapter 2. 
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Chapter 4: X-ray Crystallographic Investigation of Ferryl, Ferric and Ferrous 
Complexes Supported by the TMC Ligand 
 
 
 
 
This chapter in part was adapted with permission from Prakash et al, J. Am. 
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4.1 Introduction:   
In 2003, spectroscopic evidence was reported for an FeIV=O moiety of an 
α-ketoglutarate-dependent nonheme iron enzyme taurine dioxygenase 
(TauD).106,107  TauD is a member of a superfamily of enzymes that reductively 
activate O2 by an Fe atom supported by a 2-His-1-carboxylate facial triad.  The 
enzymatic FeIV=O moiety is believed to be the active oxidant for important 
biochemical transformations in many nonheme enzymes including hydroxylation, 
epoxidation, halogenation and desaturation.1 
During the same year, the first well characterized nonheme ferryl model 
complex supported by the ligand 1,4,8,11-tetramethyl-1,4,8,11-
tetraazacyclotetradecane (TMC) was reported (4.1, Figure 4.1).17  The crystal 
structure of the FeIV=O unit provided important structural characteristics to match 
with the spectroscopic features and was a benchmark for all future synthetic 
ferryl model complexes.17,37  Since 2003, over 50 ferryl species and six additional 
ferryl complex crystal structures have been reported.37,108–113 
 
Figure 4.1: Crystal structure and cartoon of [FeIV(O)TMC(CH3CN)]2+ (4.1), the 
first well characterized FeIV=O complex.17   
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Addition of a Lewis acid to 4.1 increased the reactivity of the ferryl 
complex many orders of magnitude.114  This interesting observation was followed 
by the report of the crystal structure of 4.2 (Figure 4.2).18  In it, the Fe is in a five-
coordinate environment, bound by the tetradentate TMC ligand and an oxo ligand 
bridging to a scandium atom.  Additionally, the scandium atom is supported by 
four triflate (OTf) ligands and an apical oxygen-based ligand assigned as a 
hydroxo moiety.  The oxidation state of the iron atom was assigned to FeIV, was 
based solely on the assignment of one proton found on the apical oxygen-based 
ligand during the refinement process.  The protonation state assignment is 
dubious, because X-rays are diffracted by electrons and a proton does not have 
core electrons to locate its nuclear position.  Indeed, an independent 
computational study and an X-ray diffraction bond-distance survey assigned the 
iron oxidation state to be in the +3 state and an aqua atom as the apical ligand of 
the scandium atom.19 
 
Figure 4.2: Crystal structure and of [(OTf)4(OH)ScIII-O-FeIVTMC], 4.2.18  An 
independent computational study by Swart assigned the oxidation state of the 
iron atom to be Fe3+ with a terminal aqua bound to the scandium atom.19 
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4.2 Results: 
Crystal Structure of 4.2a: 
The synthesis of 4.2 could not be reproduced under the reported 
conditions.18  Instead, a modified synthesis was developed and a new solvate of 
the original complex, 4.2a, was isolated in its place (Figure 4.3).115 The higher-
yielding synthesis of 4.2a (~50%) allowed for sufficient quantities to be isolated 
so that additional spectroscopic analysis could be performed in addition to X-ray 
diffraction studies (Figure 4.3).  The first coordination sphere of 4.2a is nearly 
identical to that originally reported for 4.2 (Table 4.1), verifying that the Fe atom 
in 4.2 and 4.2a has the same oxidation state.  Specifically, the Fe-O distances 
are 1.748(5) Å for 4.2a and 1.753(3) Å for 4.2, and the average Fe-N distances 
are 2.167(6) and 2.175(3) Å for 4.2a and 4.2, respectively.18,115  The Fe-N bond 
distances are typical for FeIIITMC complexes,116–119 and additionally, the Fe-O 
distance matches well with those in five-coordinate FeIII-O-FeIII complexes.120  
More importantly, the overlay of the Fe, µ-O, Sc and all non-hydrogen atoms of 
the TMC ligand of 4.2 and 4.2a results in a root-mean-square deviation of 0.0742 
Å, as calculated by the OFIT command of SHELXP (Figure 4.4).20,115 An 
oxidation state of FeIII can be confidently assigned to the iron atom in the crystal 
structure of 4.2a, based on charge balance arguments, as there is no ambiguity 
with respect to the charge of the neutral acetonitrile ligand bound to the Sc3+ 
atom.  This is in contrast to the difficulty in assigning an oxidation state of a 
molecule based on the ambiguous protonation state of an aqua or hydroxo ligand 
using X-ray diffraction methods.  Additionally, two hydrogen bond acceptors are 
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found to be within appropriate distances to the Sc-bound oxygen ligand in the 
crystal structure of 4.2 (Figure 4.5), further supporting the assignment of the 
apical oxygen as an aqua ligand.18,21 
Table 4.1: Select bond lengths of Fe-O-Sc complexes, Å. 
 4.2 4.2a 
Fe-Ooxo 1.753(3) 1.748(5) 
Fe-Nave 2.175(3) 2.167(6) 
Sc-Ooxo 1.933(3) 1.888(5) 
Sc-OOTf Ave 2.095 2.083 
Sc-O/Napical 2.188(3) 2.310(10) 
RMS                 0.0742 
RMS = root-mean-squared deviation of atomic positions of the 
overlay of the Fe, μ-O, Sc and all non-hydrogen atoms of the TMC 
macrocycle using the SHELXP command OFIT.20 
 
Figure 4.3: Crystal structure of 4.2a.  Thermal ellipsoids are drawn to the 50% 
probability level with hydrogen atoms and solvent molecules removed for clarity.  
Select bond distances (Å): Fe1-O1, 1.748(5); Fe-NAve, 2.083; Sc1-O1, 1.888(5); 
Sc1-OOTf Ave, 2.083; Sc1-NCH3CN, 2.310(10); Fe1-Sc1, 3.6358(16). 
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Figure 4.4: Overlay of the Fe, µ-O, Sc and all non-hydrogen atoms of the TMC 
ligand of 4.2 and 4.2a resulting in a root-mean-square deviation of 0.0742 Å, as 
calculated by the OFIT command of SHELXP.20  Atoms of 4.2a are modeled as 
isotropic to the 25% probability level and atoms of 4.2 are displayed as small 
dots.  Hydrogen atoms are removed for clarity. 
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Figure 4.5: H-bond acceptors of 4.2 located at standard donor-acceptor 
distances.21  Figure 4.5 was created from the published crystal structure of 4.2 by 
the program Mercury CSD 3.31.18 
Spectroscopic Analysis of 4.2a: 
 Crystals of 4.2a (unit cell matched that of 4.2a) were ground to a fine 
powder and diluted with boron nitride in preparation for EXAFS and Mössbauer 
analysis.  The Fe-scatterer distances in the EXAFS sample matched the 
crystallographically determined bond distances, notably reproducing the Fe-O 
distance at 1.74 Å and an Fe-Sc distance at 3.69 Å.115  These results provided 
evidence that the crystalline sample was still intact.  The parallel solid-state 
Mössbauer sample of 4.2a displayed an δ = 0.36 mm/s, which clearly showed 
that it was a high-spin ferric iron complex.  A crystalline sample of 4.2a dissolved 
in acetonitrile produced an EPR spectrum with signals from two of the Kramers 
doublets of a high-spin ferric signal and was consistent with the Mössbauer 
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spectrum.115  The spectroscopic and crystallographic studies conclude that 
samples 4.2 and 4.2a contain ferric iron.  This is a cautionary tale advising 
against the assignment of an oxidation state based solely on a proton, which is 
invisible in an X-ray experiment.   
The Anti- to Syn- Conversion of the Ferryl Species: 
 Close examination of 4.2 and 4.2a shows the methyl groups of the TMC 
macrocycle have a different orientation and changed from anti to the oxo in the 
starting material 4.1 to syn relative to 4.2 and 4.2a.17,18  This observation 
suggests some rearrangement must have occurred.  The electronic absorption 
spectrum observed in the reaction of [FeIITMC(CH3CN)]2+ and 1 equivalent of 1-
(tert-butylsulfonyl)-2-iodosylbenzene (sArIO) in acetonitrile revealed a unique 
ferryl species, 4.3, which was distinguished from 4.1 by a slight blue-shift in the 
near-infrared absorption band from 824 in 4.1 to 815 nm in 4.3 and by a subtle 
change in the vibronic coupling pattern.vii The 1H NMR (CD3CN) and Mössbauer 
spectra of the ferryl species generated using sArIO also showed a new ferryl 
species, 4.3.  Species 4.3 was found to make up ~72% of the sample, with 4.1 as 
the minor component, according to Mössbauer and 1H NMR (CD3CN) analysis.vii  
The Mössbauer spectrum of 4.3 was notably different from 4.1 with the 
parameters δ = 0.16 mm/s and ΔEQ = 1.51 mm/s for 4.3 and δ = 0.17 mm/s and 
ΔEQ = 1.24 mm/s for 4.1.viii,17  The 1H NMR (CD3CN) spectrum of 4.3 revealed 
                                                 
vii Electronic absorption and NMR data contributed by Dr. Jai Prakash 
(Manuscript in Preparation). 
viii Mössbauer analysis performed by the Eckard Münck group in Carnegie Mellon 
University, Pittsburgh, PA, USA (Manuscript in Preparation). 
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that it retained the effective C2V symmetry of 4.1, both with seven clearly 
resolvable peaks, albeit at different chemical shifts.  Additionally, 4.3 slowly 
converted to 4.1 as monitored by 1H NMR (CD3CN) and UV-Vis-NIR 
spectroscopies with a half-life of about 4 hours at room temperature. The growth 
of 4.1 and the decay of 4.3 could each be modeled by a single exponential 
consistent with the first-order conversion of 4.3 → 4.1.vii 
To gain additional structural information, X-ray absorption spectroscopy 
was performed on 6 mM frozen solution samples of 4.1 and 4.3.  The X-ray 
absorption-near-edge spectroscopy (XANES) region is displayed in Figure 4.6 
and the two spectra show modest differences between 4.1 and 4.3.  The K-edge 
energies, which represented the energy required to excite an electron from the 
1s shell to the continuum, were found to be the same at 7123.8 eV, consistent 
with an FeIV oxidation state and in agreement with Mössbauer spectroscopy.  
However a notable difference was found in the pre-edge region with 4.3 having a 
pre-edge area 10 units higher as compared to 4.1 (42 a.u. vs. 32 a.u.121 when 
accounting for sample purity determined by Mössbauer spectroscopyix).  The pre-
edge absorption is a symmetry forbidden 1s→3d transition and the larger area of 
4.3 signifies a less symmetric environment that leads to greater mixing of 3d and 
4p orbitals.  The increased pre-edge area is consistent with the shortening of the 
Fe=O bond and lengthening of the bond trans to the oxo for 4.3. 
                                                 
ix The XAS sample used to determine the pre-edge of 4.3 contained 72% 4.3, 
14% 4.1 and 14% 4.6 as determined by Mössbauer spectroscopy performed by 
the Eckard Münck lab in Carnegie Mellon University in Pittsburgh, PA. 
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Figure 4.6: Top Left: XANES spectra of the 4.3 (black) and 4.1 (red) with the first 
derivative of the XANES spectra and pre-edge region displayed for comparison.  
The edge energies were found to be equal at 7123.8 eV and were determined by 
the maximum intensity of the first derivative in the rising edge.  The pre-edge 
areas were found to be 42 a.u. for 4.3 and 32 a.u. for 4.1 when accounting for 
sample purity determined by Mössbauer spectroscopy.  Top Right: functions 
used to model pre-edge transition for 4.3 (black) and 4.1 (red).  Bottom: Fit of 4.3 
(Left) and 4.1 (Right) with experimental data displayed with dots, rising edge 
modeled with the black line, pre-edge tranisition modeled with the blue line and 
over all fit displayed in red.  The residuals of the data from the fit are displayed 
below. 
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Crystal Structures of Reaction Products Derived from 4.1 and 4.3: 
A kinetic trap based on the reaction with a Lewis acid was employed to 
determine how the ferryl species 4.1 and 4.3 differed structurally.  Inspired by the 
Fukuzumi work,18,115 one equivalent [Et4N][FeCl4] was added to acetonitrile 
solutions of 4.1 and 4.3 at room temperature to see if the two isomers could be 
trapped by the Lewis acid.  Both reaction mixtures upon layering with diethyl 
ether at -40 ° C produced diffraction quality crystals.x  A solution of 4.1 and 
[FeCl4](Bu4N) afforded crystals of (TMC)Fe-O-FeCl3 complex.  Its structure 
revealed a µ-oxo ligand anti to the methyl groups of the TMC ligand.  This 
structure is designated 4.4 (Figure 4.7, left) and is consistent with a direct 
reaction between 4.1 and the Lewis acid Fe3+ with no rearrangement.  
Conversely, starting with a solution of 4.3 and [FeCl4](Bu4N) x afforded crystals of 
a complex designated as 4.5 whose structure revealed the µ-oxo ligand to be syn 
to the methyl groups (Figure 4.7, right).  These results suggest that the oxo 
ligand of the starting material, 4.3, is syn to the methyl groups of the TMC ligand.  
Because 4.5 is five coordinate like 4.2, the syn isomer does not rule out the 
possibility of rearrangement after the reaction similar to what was observed for 
4.2.18,115  However, the crystal structure of 4.5 is the first indirect evidence that 
the structure of 4.3 has the position of the methyl groups inverted relative to the 
oxo group compared to 4.1. 
 
                                                 
x Crystals supplied by Dr. Jai Prakash (Manuscript in Preparation). 
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Figure 4.7:  Thermal ellipsoids of the crystal structures of 4.4 and 4.5 are drawn 
at the 50% probability level with hydrogen atoms removed for clarity.  Left: top- 
structure of 4.4 produced from the reaction of 4.1 and one equivalent 
[Et4N][FeCl4].  One acetonitrile molecule removed for clarity.   Bottom Left- 
cartoon of 4.4;  Right: top- structure of 4.5 produced from the reaction between 
4.3 and one equivalent [Et4N][FeCl4].  The OTf counter anion is included in the 
picture and two acetonitrile molecules were removed for clarity. Bottom right- 
cartoon of 4.5.  Select bond distances (Å) and angles (°): 4.4: Fe1-O1, 
1.8511(12); Fe1-Nave, 2.206; Fe1-Cl1, 2.3586(5); Fe2-O1, 1.7712(12); Fe1-O1-
Fe2, 1.77.31(9); Fe1-Fe2 3.6213(5) 4.5: Fe1-O1, 1.771(2); Fe1-Nave, 2.166; Fe2-
O1, 1.771(2); Fe1-O1-Fe2, 171.21(14); Fe1-Fe2, 3.5056(7). 
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Crystal Structure of 4.3DCM: 
 To obtain more conclusive evidence, diffraction quality crystals of 4.3 were 
grown.  A solution of FeIITMC(OTf)2 in dichloromethane at -50° C was treated 
with 1 equivalent sArIO and quickly cooled to -78° C with dry ice.  The iron 
solution was layered with pentane and allowed to crystallize at -80° C in a 
freezer.  Diffraction quality crystals were obtained.x  Interestingly, the crystals of 
4.3 exhibited dichroic behavior changing from a deep blue to a pale yellow 
depending on which face was visible.  The crystals of 4.1 behaved in the same 
manner.  The blue crystals were very susceptible to solvent loss, which resulted 
in a loss of crystallinity if handled at temperatures above ~-40° C.  The twinned 
data set was solved and the result is displayed in Figure 4.8.  A OTf ligand was 
found coordinated trans to the oxo and the complex is formulated as 
[FeIV(O)TMC(OTf)](OTf) or (4.3DCM).  A second OTf counterion and two 
molecules of dichloromethane were also found in the unit cell.  The oxo ligand 
was found to be syn- to the methyl groups of the TMC ligand and the structure is 
direct structural proof of the syn-isomer (Figure 4.8).  Interestingly, the Fe=O 
bond distance of 1.625(4) Å is the shortest crystallographically determined to 
date for ferryl complexes.  The short Fe=O bond is consistent with the higher pre-
edge area observed in the XANES spectrum of 4.3 above.  Moreover, the 
crystallographically determined distance is in excellent agreement with the 
calculated Fe=O distance of the CH3CN analog reported in 2008 (1.628 Å).22 
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Figure 4.8:  Left : X-ray crystal structure of 4.3DCM with thermal ellipsoids drawn 
to the 50% probability level.  Hydrogen atoms, one OTf counterion and two 
dichloromethane solvent molecules were removed for clarity.  Right: cartoon of 
4.3DCM.  Select bond distances (Å): Fe1-O1, 1.626(4); Fe-Nave, 2.065; Fe-OOTf, 
2.146(4). 
Crystal Structure of [FeIITMC(OTf)](OTf): 
The crystal structure of the ferrous starting material has not been 
previously reported even though the FeIITMC(OTf)2 complex, 4.6, was used in 
many nonheme iron model chemistry studies by several groups.37,38  Cell 
constants for the related complex,  [FeIITMC(NCCH3)](BF4)2, were reported in 
1979; however the authors abandoned the structure when they discovered that 
the two-fold symmetric molecule was located on a crystallographic four-fold 
special position.122   Complex 4.6 was prepared according to previous reports17 
and diffraction quality crystals were grown from a dry dichloromethane solution 
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layered with ether.x The structure of 4.6 was solved and complete data collection 
and refinement details are described in the Experimental Section below.  The Fe 
atom in 4.6 is in a distorted square pyramidal geometry (τ = 0.58)123 supported by 
the tetradentate TMC ligand and an apical OTf ligand is bound to the ferrous Fe 
atom (Figure 4.9).  The bound OTf ligand is located syn to the methyl groups, 
consistent with binding on the less sterically hindered side of the TMC ligand.  A 
second OTf counter anion is located in the unit cell for charge balance. 
 
Figure 4.9: Crystal structure and cartoon of 4.6 with ellipsoids drawn to the 50% 
probability level and hydrogen atoms, solvent molecules and OTf counter anions 
removed for clarity.  Three molecules of 4.6 were located in the unit cell and only 
one is displayed for clarity.  Select bond distances (Å), average of the two non-
disordered molecules in the unit cell: Fe1-O1, 2.032(3); Fe-Nave, 2.181. 
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Crystal Structure of a Trimeric FeIIITMC Complex:   
During the course of the Lewis acid studies with 4.1 and 4.3, 
(Bu4N)2[FeIICl4] was added to 4.1 to serve as a reducing agent and form a stable 
diferric adduct.   When 4.1 and one equivalent (Bu4N)2[FeIICl4] were mixed in an 
acetonitrile solution, an immediate color change of the solution from the bluish-
green to orange was observed.  The reaction mixture was allowed to crystallize 
at -20° C for a week, which did not produce any diffraction quality crystals.  Upon 
standing for ~two additional weeks at room temperature, diffraction quality 
crystals were observed and yielded a trimeric structure, 4.8 (Figure 4.10).x  Three 
Fe atoms in two different coordination environments are bridged by two oxo 
ligands.  The middle Fe atom (FeTMC) of 4.8 is in a pseudo-tetragonal geometry 
and is supported by the tetradentate TMC ligand in the equatorial plane with two 
tetrahedral [FeIII(µ-O)(Cl)3] units binding to the FeTMC in the axial positions.  The 
Fe-ligand bond distances of both tetrahedral Fe atoms are very similar and 
consistent with [FeIII(µ-O)(Cl)3] moieties in the literature CSD with Fe-(µ-O) bond 
distances of 1.76 Å and Fe-Cl bond distances of ~2.23 Å.124–128  Interestingly, the 
two FeTMC-oxo bond distances differ by 0.1 Å, even though the ligands are the 
same.  The Fe-O bond distance syn- to the methyl groups of the TMC 
macrocycle is 1.835(7) Å, while the Fe-O bond distance anti to the methyl groups 
is 1.931(8) Å.  The difference in Fe-O bond lengths depending on the steric 
environment highlights how much influence the larger steric bulk of the ethylene 
and propylene groups of the TMC macrocycle can impose on a bond. 
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Figure 4.10: X-ray crystal structure of 4.8.  Thermal ellipsoids are drawn at the 
50% probability level and hydrogen atoms and the counter cation [(Bu)4N]+ are 
removed for clarity.  The complex of interest is disordered over two positions and 
only one is displayed for clarity.  Select bond distances (Å) and angles (°) from 
an average of two positions in disorder modeling: Fe1-O1, 1.931; Fe1-O2, 1.835; 
Fe2-O1, 1.763; Fe3-O2, 1.758; Fe-Nave, 2.211; Fe1-Fe2, 3.6705(32); Fe1-Fe3, 
3.5738(32); Fe1-O1-Fe2, 166.5; Fe1-O2-Fe3, 169.1, O1-Fe1-O2, 172.8. 
4.3 Discussion: 
 A compilation of FeTMC metrics is displayed in Table 4.2.  The ferryl 
complexes have similar pseudo-tetragonal coordination environments, but with 
notable differences.  Interestingly, the 1.626 Å Fe-oxo bond of 4.3DCM is 0.02 Å 
shorter than the 1.646 Å Fe-oxo distance of 4.1.  The shorter Fe-oxo distance of 
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4.3DCM is a result of the weaker donating ability of the OTf ligand located trans to 
the oxo, with a Fe-OOTf distance of 2.146 Å compared to the 2.058 Å Fe-NCH3CN 
bond distance of 4.1.  The weaker donating ability of the OTf ligand is also 
reflected in the shorter average Fe-NTMC distance of 4.3DCM compared to 4.1. 
The Fe ligand bond lengths increase with decreasing Fe oxidation state.  
The average Fe-Nave bond distances lengthen from about 2.1 Å in the ferryl 
structures to about 2.2 Å in the six-coordinate ferric complexes.  The five 
coordinate ferric complexes, 4.2, 4.2a and 4.3syn, have similar bond lengths with 
an Fe-O bond distances around 1.75 Å and an average Fe-N distances of about 
2.17 Å.  As expected, the bond distances of the ferrous complex 4.6 increase, 
with an Fe-O distance of 2.032 Å and a more modest increase was observed for 
the Fe-Nave distance compared to 4.5.  The iron atom is pulled out of the N plane 
of the TMC ligand by about 0.5 Å for all five-coordinate structures and is virtually 
in the N plane of the TMC ligand for the 6-coordinate species. 
The Fe-metal distances reflect the coordination environment of the metals.  
A longer Fe-Fe distance was observed for the six-coordinate FeTMC moiety at 
about 3.6 Å in 4.4 and 4.8, while a shorter distance of 3.51 Å was seen for the 
five-coordinate FeTMC moiety in 4.5.  The shorter Fe-O bond is consistent with 
the more Lewis-acidic five-coordinate 4.5.  Two different Fe-Fe distances were 
observed in 4.8. The shorter Fe-Fe distance of 3.57 Å in 4.8 is syn to the methyl 
groups of TMC; the methyl groups are less sterically bulky compared to the 
ethylene and propylene groups and thus allow for the almost 0.1 Å shorter Fe-Fe 
distance.  The Fe-Fe distance anti to the methyl groups in 4.8 is 3.67 Å and is 
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longer than the comparable Fe-Fe distance in 4.4 at 3.62 Å.  This reflects the 
larger steric bulk of the trans ligand of the second –OFeCl3 group in 4.8 relative 
to Cl in 4.4.  The –OFeCl3 group anti to the methyl groups forces the TMC ligand 
toward the –OFeCl3 group syn to the methyl groups, causing the Fe-Fe distance 
to increase.  The Fe-Sc distances of 4.2 and 4.2a are similar at 3.69 and 3.63 Å, 
respectively, with the Sc-O bond distances accounting for the difference in Fe-M 
lengths.  The Fe-O-M angles are about 170° in all cases.
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Table 4.2: Structural metrics of TMC supported Fe complexes 
 Fe Oxidation 
State 
Fe-O, Å Fe-NTMC 
average, Å 
Fe-trans, Å, Ligand Distance Fe is above 
N4 TMC plane,d  Å 
Fe-Metal,  Å 
4.1a 4+ 1.646(3) 2.091 2.058(3), CH3CN 0.03 - 
4.3DCM 4+ 1.626(4) 2.065 2.146(4), OTf 0.06 - 
4.2b 3+ 1.753(3) 2.175 - 0.57 3.687 
4.2ac 3+ 1.748(5) 2.167 - 0.54 3.6358(16) 
4.5  3+ 1.771(2) 2.166 - 0.49 3.5056(7) 
4.4 3+ 1.8511(12) 2.206 2.3586(5), Cl -0.04 3.6213(5) 
4.8  -syn oxo 3+ 1.835(7)f 
2.211 f e 0.02 f 
3.5738(32) f 
    -anti oxo 3+ 1.931(8)f 3.6705(32) f 
4.6 2+ 2.032(3)g 2.181 - 0.43 - 
a ref 17, b ref 18, c ref (Prakash 2015), d positive number is in the direction of the oxo ligand, e  trans ligand is the oxo ligand anti 
to the methyl groups of the TMC ligand. f Average of two positions from disorder modeling, g average of two non-disordered 
molecules in the asymmetric unit. 
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4.3 → 4.1 Conversion Mechanism Discussion: 
A series of equilibria is proposed in Scheme 4.1 to describe the 
conversion of 4.3 → 4.1.  Complex 4.3 first loses acetonitrile to form a five-
coordinate species 4.35C.  The species 4.35C is in equilibrium with its anti isomer, 
4.15C, and then acetonitrile binds to either five-coordinate species to form 4.1 or 
4.3.  The equilibrium constant between 4.15C and 4.35C is proposed to be close to 
1 because of the small size of the oxo ligand.  The decoordination rate of the 
trans ligand is faster in 4.3 as compared to 4.1 because of the larger unfavorable 
interactions of the trans ligand in 4.3 with the propylene and ethylene groups as 
compared to the interactions of the trans ligand with methyl groups in 4.1.  The 
larger unfavorable interactions are illustrated by the longer Fe-O bond distance 
for the oxo group syn to the propylene and ethylene groups in the crystal 
structure of complex 4.8, compared to the shorter Fe-O bond distance on the 
methyl side.  Likewise, the rate of acetonitrile binding to 4.15C is faster due to its 
binding in a less sterically hindered pocket.  The steric interactions between the 
trans ligand and TMC macrocycle drive the equilibrium all the way to the right of 
Scheme 4.1. 
Ligand exchange experiments with 4.3DCM provided additional evidence for 
the inversion mechanism present in Scheme 4.1.  When crystals of 4.3DCM are 
dissolved in acetonitrile-d3, a ~60:40 ratio of 4.3 to 4.1 is observed in the 1H 
NMR spectrum, and 4.3 converts to 4.1 at the same rate as previously described.  
Acetonitrile binding to the five-coordinate species must be slower than the 
inversion of 4.35C and 4.15C, because both 4.3 and 4.1 are produced from 
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crystals of 4.3DCM dissolved in acetonitrile.  The inversion (ki/k-i, Scheme 4.1) 
equilibrium constant is close to 1 and the acetonitrile binding rate constant to 
4.35C or 4.15C (k-1 and k2 respectively, Scheme 4.1) are similar because of the 
60:40 ratio of 4.3:4.1 prepared from the crystals of 4.3DCM dissolved in 
acetonitrile.   Interestingly, the conversion of 4.3 to 4.1 in dichloromethane-d2 
was complete in about 1 minute at RT, as monitored by 1H and 19F NMR 
spectroscopies.129  The faster inversion rate in dichloromethane is due to the 
faster rate of decoordination of the weaker OTf ligand.  Thus, the rate limiting 
step of the 4.3 to 4.1 inversion is assigned to the decoordination of the trans 
ligand from the six-coordinate Fe center.   
Scheme 4.1: Proposed [FeIV(O)TMC(CH3CN)]2+ Inversion Mechanism 
 
How does species 4.3 form from the ferrous starting material?  The 
[FeIITMC(OTf)](OTf) complex is five-coordinate in the crystalline solid with the 
OTf ligand bound on the syn- side (4.6, Scheme 4.2).  The five-coordinate 
geometry in solution is maintained in solution as evidenced by NMR.  The 1H 
NMR (CD3CN) spectrum of 4.6 shows only four signals with an intensity ratio of 
3:2:1.17 This observation suggests signal averaging between pairs of 
diastereotopic protons that result from fast interconversion between 4.6 and 4.7 
(Scheme 4.2).  The inversion of 4.6 can occur by the OTf anion exchanging 
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between syn- and anti- positions.  Because of its size, 1-(tert-butylsulfonyl)-2-
iodosylbenzene favors binding to 4.7 due to the sterically more accessible open 
site syn to the methyl groups (Scheme 4.2), so complex 4.7 forms preferentially 
over 4.6 in a ratio of about 85:15.129  The yields of 4.3 and 4.1 suggest that the 
rate constant of the formation of 4.3 from 4.7 (k3) is at least 6 times faster than 
the rate constant of 4.1 forming from 4.6 (k4), assuming that kii and k-ii are much 
faster than k3 and k4 and the inversion equilibrium is close to, but less than one, 
because the OTf ligand in 4.6 is syn to the methyl groups (Scheme 4.2).  The ~6 
times faster rate for k3 compared to k4 is a low estimate considering that 4.6 is 
thermodynamically favored. 
Scheme 4.2: Proposed [FeIV(O)TMC(CH3CN)]2+ Synthesis Mechanism 
 
The syn-isomer was likely produced in earlier studies and was not 
recognized.  Cho et al. crystallized the [FeIII(O22-)TMC]+ with the peroxo ligand 
syn to the methyl groups of TMC.116  The resulting ferryl complex formed after O-
O bond breaking should have the oxo ligand syn to the methyl as in species 4.3, 
and the conversion from the ferric-peroxo precursor to the ferryl complex is 
depicted in Scheme 4.3.  The direct conversion of an FeIIITMC-syn-hydroperoxo 
species to a ferryl species was also reported in 2011.117  Although the ferryl 
species was assumed to be 4.1, the Mössbauer spectra revealed that this ferryl 
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species was different.  The isomer shifts of 4.1 and the ferryl species produced 
from the FeIIITMC-syn-hydroperoxo complex were within the error of the 
measurement, but their quadrupole splitting values were different, with 4.1 having 
1.24 mm/s vs 1.40 mm/s for the FeIIITMC-syn-hydroperoxo-derived ferryl 
complex.  This new species has a quadrupole splitting closer to 4.3 (ΔEQ = 1.51 
mm/s).  The difference may arise from the presence of water and base in the 
reaction mixture.17,115,117  
Scheme 4.3:  Proposed Ferric-peroxo Precursor to Ferryl Complex Conversion.  
The crystal structure of the ferric-peroxo starting material is displayed on the 
left,116 and the crystal structure of the ferryl product, 4.1, is displayed on the 
right.17 
 
An earlier study claimed the synthesis of the syn- isomer of 4.1 in 2008;22 
however the composition of this unique ferryl species is now in question.  Unlike 
4.3, this complex exhibited near infrared bands at about 800 and1050 nm.  This 
spectrum can be reproduced by adding [Bu4N][F]  to a solution of 
[FeIV(O)(TMC)]2+ in dichloromethane and is termed 4.1-F (Figure 4.11).22  The 
slow decomposition of the BF4 counter anion used in the 2008 study is the likely 
source of F-.  The large change in the near-infrared band in the electronic 
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absorption spectrum is reasonable for the substitution of CH3CN with F-, but the 
subtle difference in the near-infra red band between 4.1 and 4.3 is more 
consistent with the slight change in the ligand field between 4.1 and 4.3.     
 
Figure 4.11:  Resulting electronic absorption spectrum of adding one equivalent 
F- to 1 mM [FeIV(O)TMC(OTf)](OTf) in dichloromethane at -40° C.  The double-
hump feature in the near-infrared region closely resembles the electronic 
absorption spectrum of the oxo-iron(IV) species reported in reference 22. 
 The structure of 4.3DCM provides a steric model to help understand the 
increased reactivity of 4.3 compared to 4.1.  Steric factors have been shown to 
affect the reactivity of S = 1 ferryl species, because the frontier molecular orbitals 
(FMOs) of these species are composed of Fe dxz,yz and O px,y orbitals that make 
up the π* bond.130,131  Because the FMOs are off the Fe-O axis, the steric bulk 
normal to the Fe=O bond plays a significant role in the reactivity of S = 1 ferryl 
complexes.131  Space filling models of 4.1 and 4.3DCM are displayed in Figure 
4.12 to illustrate the different steric environments of syn- and anti- isomers.  
Clearly, the ferryl unit is more open in 4.3DCM as compared to 4.1.  However, 
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4.3DCM has a shorter Fe=O bond and additionally, the TMC ligand is forced up by 
the ligand trans to the oxo causing the methyl groups syn to the oxo to close 
slightly.  These factors partially counteract the smaller steric bulk of the methyl 
groups, resulting in a modest increase of the access to the oxo unit of 4.3. 
The solvent exposed areas of 4.1 and 4.3DCM were calculated to be 6.7 
and 7.5 Å2, respectively by the program PyMOL v1.3r1 and are illustrated in 
Figure 4.13.  This ~12% increase in solvent exposed area of 4.3DCM agrees with 
the 1.5 times faster C-H bond oxidation rate of 4.3.(Prakash, MIP)  The 800-
times-faster thioanisole oxidation rate by 4.3 compared to 4.1 suggests that the 
solvent exposed area and reaction trajectory are not major factors in oxygen 
atom transfer reactions and other factors, like decoordination of the trans ligand 
may be more influential. 
 
Figure 4.12:  Space filling models of the complexes 4.3DCM (left) and 4.1 (right). 
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Figure 4.13: The solvent exposed areas of 4.3DCM (left) 4.1 (right) illustrated by 
dots.  Values of 7.5 and 6.7 Å2 were calculated for 4.3DCM  and 4.1, respectively 
by the program PyMOL v1.3r1. 
 
4.4 Experimental: 
X-Ray Diffraction:  
The single crystal X-ray diffraction data of the crystals of 4.2a, 4.4, 4.5, 
4.3DCM, 4.6 and 4.8 were collected as previous describe in Chapter 3.  Specific 
data collection, and refinement information are located in Table 4.3.  Any non-
standard data treatment or refinement information is described below for 
individual samples. 
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Table 4.3: Crystal structure collection and refinement information of TMC 
supported compounds 
 4.2a 4.4 4.5 
Empirical 
formula 
C24H41F12FeN7O13S4Sc C16H35Cl4Fe2N5O C19H33Cl3F3Fe2N6O4S 
Temp. (K) 102(2) 173(2) 173(2) 
λ (Å) 0.71073 0.71073 0.71073 
Space 
group 
Pbam P2(1)2(1)2(1) P2(1)/c 
a (Å) 18.0006(13) 12.8738(11) 10.1776(8) 
b (Å) 22.0279(15) 12.8805(11) 9.2395(7) 
c (Å) 11.4933(8) 14.9102(12) 33.194(3) 
α (°) 90 90 90 
β (°) 90 90 91.9480(10) 
γ (°) 90 90 90 
Z 4 4 4 
θ max (°) 25.37 27.48 26.41 
Complete 99.9% 99.9% 100.0% 
R(int)a 0.0703 0.0342 0.0376 
Data 4399 5674 6404 
Restraints 547 0 85 
Parameters 426 258 425 
R1b [I > 
2σ(I)] 
0.0791 0.0227 0.0473 
wR2c 0.2196 0.0517 0.1213 
GooFd 1.043 1.020 1.028 
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Table 4.3 continued 
 4.3DCM 4.6 4.8 
Empirical 
formula 
C18H36Cl4F6FeN4O7S2 C49H98Cl2F18Fe3N12O18S6 C30H68Cl6Fe3N5O2 
Temp. (K) 173(2) 173(2) 173(2) 
λ (Å) 0.71073 0.71073 0.71073 
Space 
group 
P2(1)/n P-1 P-1 
a (Å) 15.896(5) 8.7708(8) 13.5508(13) 
b (Å) 12.544(4) 20.3255(19) 14.1408(14) 
c (Å) 16.658(8) 23.608(2) 14.4658(14) 
α (°) 90 71.5030 111.3430(10) 
β (°) 108.575(4) 89.3450(10) 103.7190(10) 
γ (°) 90 88.7260(10) 111.2580(10) 
Z 4 2 2 
θ max (°) 25.05 27.49 25.03 
Complete 98.5% 98.9% 99.8% 
R(int)a 0.0593e 0.0342 0.0361 
Data 5489 18152 7690 
Restraints 384 466 241 
Parameter
s 
497 1114 559 
R1b [I > 
2σ(I)] 
0.0646 0.0690 0.0536 
wR2c 0.1482 0.2077 0.1381 
GooFd 1.041 1.061 1.059 
a Rint = Σ |Fo2 -< Fo2 >| / Σ |Fo 2|, b R1 = Σ ||Fo|-|Fc|| / Σ |Fo|, c wR2 = [Σ 
[w(Fo2-Fc 2)2] / Σ [w(Fo2 )2]]1/2 where w = q / [σ2 (Fo2) + (a*P)2 + b*P + d + 
e*sin(θ)], d GooF = S = [Σ [w(Fo2-Fc 2)2] / (n-p)]1/2, e twinned data set, Rint 
estimated by TWINABS.20 
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Structure solution for 4.2a: 
To rule out a lower symmetry space group, the structure was solved using 
all possible lower symmetry space groups, which resulted in an inferior solution 
for each case.  Additionally, integration on a twinned monoclinic cell was not 
successful and no satellite reflections (modulated structure) were observed in the 
reflection data; however due to the disordered solvent channel these reflection 
would be extremely weak if they were present.  Due to these observations, the 
structure is best modeled with space group Pbam. 
The Fe complex is disordered by a 90 degree rotation over a mirror plane 
bisecting the Fe-O-Sc axis causing alternating ethylene and propylene groups to 
be disordered over two positions (Figure 4.14).  Only one-half of the molecule is 
unique, with the other half generated by the mirror operation performed on the 
second position of the TMC ring two give alternating ethylene and propylene 
groups (Figure 4.3).  If the mirror operates on the same ring, a non-sensible 
chemical connectivity is produced.  The volume occupied by the two carbon 
chains is very similar and the occupancy of each position refined to a 
50.3(4):49.7(4) ratio.  Disordered pairs of Fe-N distances were restrained to be 
equal and allowed to refine freely (DFIX command).20 The internal symmetry of 
the Fe complex was utilized and chemically equivalent 1-2 and 1-3 bond 
distances were restrained to be the same (SAME command).20  Consistent with 
the 90° rotation disorder, the two bound triflate anions in the asymmetric unit 
were disordered over two and four positions, respectively.  The Sc-OOTf distances 
were restrained to be the equal and were allowed to refine freely (DFIX 
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command).20  The CF3 group on the triflate disordered over 4 positions was 
modeled with isotropic displacement parameters.  The displacement parameters 
for all atoms in close proximity were constrained to be the same (EADP 
command).20 
 
Figure 4.14: The mirror bisecting the Fe-O-Sc axis and displaying the main-
molecule disorder of 4.2a. 
The 90 degree disorder was also propagated in the apical CH3CN 
molecule bound to the Sc resulting in four positions for the acetonitrile for the Fe 
complex.  The occupancies of the bound CH3CN were constrained to 0.25 
because it was disordered over a 2/m special position.  The four positions of the 
CH3CN molecule were modeled with two CH3CN molecules disordered over the 
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mirror plane with the Part-X statement (Figure 4.15, top), and were modeled with 
isotropic displacement parameters.  The Fe complex packs in a head-to-head 
arrangement (related by the 2/m special position), and two positions of the bound 
CH3CN are utilized to allow for proper packing with pairs of α-carbons of CH3CN 
~3.6 Å apart (Figure 4.15, middle and bottom).  The Sc-NCH3CN distances were 
restrained to be equal and allowed to refine freely (DFIX command).20  The pairs 
of N-C and C-C bond distances of the bound CH3CN were restrained to be equal 
and freely refined to 1.129 Å and 1.445 Å, respectively(DFIX command).20  
Additionally, the sum of the C-N and C-C bonds were restrained to be equal to 
the N-C(alpha) distance to maintain linearity (SUMP command).20  If the mirror 
plane was removed, the space group would drop in symmetry to Pba2 and the 
crystallographic symmetry would be able to accommodate the alternating 
ethylene and propylene groups of the TMC ligand.  However, the two orientations 
of the Fe complex observed would have to be accommodated by a twinned cell 
related by a mirror plane perpendicular to the c-axis.  However, a meaningful 
solution in this space group was not obtained taking this into consideration.  
Therefore the molecules are likely packing in head-to-head pairs in a random 
order with acetonitrile solvent molecules filling the space between the Fe 
complexes. 
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Figure 4.15:  Disorder modeling of 4.2a.  Thermal ellipsoids are drawn to the 
50% probability level and hydrogen atoms and solvent molecules are removed 
for clarity.  Top: Four positions of the Sc-bound acetonitrile ligand.  Middle: Pair 
of 4.2a with crystallographically reasonable nonbonding distances between 
acetonitrile ligands; the pairs of α-carbons are ~3.6 Å apart.  Bottom: Head-to-
head packing diagram of 4.2a looking down the c-axis. 
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Additionally, one CH3CN solvent molecule was found in the asymmetric 
unit disordered over four positions in a solvent channel located on the ab plane at 
c = 0 (Figure 4.16).  The occupancies were constrained to 0.25 and refined with 
isotropic displacement parameters.  Hard bond distance restraints were 
employed with the solvent CH3CN molecules using 1.211 Å for the N-C distance 
and 1.464 Å for the C-C distance and were also restrained to be linear (DFIX & 
SUMP command).20  The solvent channels are displayed in Figure 4.16.  Figure 
4.16 top displays the unit cell looking down the a-axis, with the molecule of 
interest packed between layers of CH3CN.  Figure 4.16 bottom is displayed 
looking down the c-axis with the disordered CH3CN molecules colored green.  
The solvent channel fills the voids between the top layers of the TMC, triflate and 
bound CH3CN ligands in a winding fashion.  The different positions of the methyl 
group of the TMC ligand and the bound triflate create voids which appear to be 
filled with a solvent molecule.  The different positions of the Fe complex and 
CH3CN appear to be correlated; but because of the mirror and 2/m special 
position, the refinement was not able to relate the partial occupancies with a high 
degree of certainty.   
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Figure 4.16:  Packing diagrams of 4.2a.  Thermal ellipsoids drawn to the 50% 
probability level and hydrogen atoms are removed for clarity.  Top:  Looking 
down the a-axis, layers of acetonitrile are visible surrounding a layer of 4.2a.  
Bottom: Looking down the c-axis.  Acetonitrile solvent molecules are colored 
green to highlight the solvent channels. 
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Refinement of the Crystal Structure of 4.4: 
Refinement of the complex 4.4 was carried out in a routine manner as 
previously described.  The asymmetric unit is displayed in Figure 4.17. 
 
Figure 4.17:  Asymmetric unit of 4.4 with thermal ellipsoids drawn to the 50% 
probability level and hydrogen atoms removed for clarity. 
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Refinement of the Crystal Structure of 4.5: 
Refinement of the complex 4.5 was carried out in a routine manner as 
previously described.  In addition, the OTf counter anion was found to be 
disordered was modeled over two positions.  All atoms in the two OTf counter 
anions were restrained to have the same 1-2 and 1-3 bond distances using the 
SAME command.20  Symmetry equivalent Fe-N distances (Fe1-{N1, N3} and 
Fe1-{N2, N4}) were restrained to be equal and allowed to freely refine using the 
DFIX command.20  The atoms in the Fe complex were subjected to a rigid bond 
restraint using the DELU command.20  Pairs of overlapping atoms in the OTf 
counter anion were constrained to have equal anisotropic displacement 
parameters by the EADP command.20  The asymmetric unit is displayed in Figure 
4.18. 
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Figure 4.18: Asymmetric unit of 4.5 with thermal ellipsoids drawn to the 50% 
probability level with hydrogen atoms removed for clarity.  The two positions of 
the OTf counter anion are displayed above. 
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Refinement of the Crystal Structure 4.3DCM: 
 The data set of 4.3DCM was modeled as a non-merohedral twin.  The 
program Cell_Now132 was used to find two unit cells related by the twin matrix 0 0 
1 0 -1 0 1 0 0, or exchanging the a and c axes.  The two major components were 
integrated separately.  The intensity data were corrected for absorption and 
decay by TWINABS.101  The data was refined on the major component of the 
twined data set.  Whole molecule disorder was observed with a 90° turn down 
the Fe-O axis and the two components refined to a 57:43 ratio.  The pairs of Fe-
oxo and Fe-OTf bonds were restrained to be equal and allowed to freely refine 
for the two positions of the disordered Fe complex by the DFIX command.20  
Symmetric bonds in the macrocycle were restrained to have the same 1-2 and 1-
3 bond distances by the SAME command and a ridged bond restraint was 
applied to the Fe complex macrocycle by the DELU command.20  Unreasonable 
thermal ellipsoids were restrained to be more isotropic by the ISOR command.20  
Additionally, one dichloromethane molecule located on the ab and bc faces was 
found to be disordered, and the 1-2 and 1-3 bond distances of the disordered 
dichloromethane were restrained to be equal to the non-disordered 
dichloromethane molecule in the unit cell by the SAME command.20  In all 
disorder modeling, pairs of overlapping atoms were constrained to have equal 
anisotropic displacement parameters by the EADP command.20  The asymmetric 
unit with the disorder is displayed in Figure 4.19. 
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Figure 4.19: Asymmetric unit of 4.3DCM with thermal ellipsoids drawn to the 50% 
probability level and hydrogen atoms removed for clarity.  The two positions of 
the Fe complex and one dichloromethane molecule are displayed above. 
Refinement of the Crystal Structure of 4.6: 
Refinement of the complex 4.6 was carried out in a routine manner as 
previously described.  Additionally, one dichloromethane molecule, two OTf 
counter anions and one of the three iron complexes were disordered and each 
was modeled over two positions.  The OTf counter anion and dichloromethane 
solvent molecule were modeled in a similar manner as described for the OTF 
counter anion in structure 4.5.  The disordered iron complex was modeled in a 
similar manner as the iron complex in 4.3DCM.  Bond metrics were reported from 
the average of the two non-disordered iron complexes due to chemically 
unreasonable differences in the bond distances of the disordered molecule.  The 
asymmetric unit with the disorder is displayed in Figure 4.20. 
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Figure 4.20: Asymmetric unit of 4.6 with thermal ellipsoids drawn to the 50% 
probability level and hydrogen atoms removed for clarity.  The two positions one 
Fe complex, two OTf counter anions and one dichloromethane molecule are 
displayed above. 
Interestingly, three molecules are located in the unit cell, or  Z’ = 3, of the 
structure of 4.6.  Usually if the Z’ is greater than 1, the number will be even.  
Pseudo symmetry is likely present if the number is odd, and indeed this is the 
case in the structure of 4.6.  The cell also has angles β ≈ γ ≈ 90 and b ≈ c and 
the unit cell with two asymmetric units is shown in Figure 4.21.  Pseudo 
tetragonal and trigonal cells, complete with -4 or -3 pseudosymmetry operation at 
(0, 0, 0), can be found and is displayed in Figure 4.21.  The main deviation from 
these two symmetries is the α angle at ~70°.  If α increases to 90°, the symmetry 
can approximate tetragonal and if the α angle decreases to 60°, the symmetry 
approximates trigonal. 
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Figure 4.21:  Unit cell of 4.6 displayed looking down the a-axis.  A group of six 
Fe complexes are located around a pseudo-rotation element at (0, 0, 0). 
Refinement of the Crystal Structure of 4.8: 
Refinement of the complex 4.8 was carried out in a routine manner as previously 
described.  Additionally, the [Bu4N]+ counter cation was disordered and modeled 
over two positions similar to the OTf counter anion in the structure of 4.5 and 4.6.  
The molecule of interest was also disordered and modeled by a non-
crystallographic 2-fold rotation axis which bisected the N1-Fe1-N3 axis.  This 
resulted in a analogous disorder as 4.3DCM and was modeled in a similar fashion.  
Fe-Cl and chemically symmetric Fe-N bond distances were restrained to be 
equal and allowed to freely refine using the command DFIX.20   The 1-2 and 1-3 
bond distances of the Fe2-O2-Fe1-O1-Fe3 units were restrained to equal using 
the SAME command.20  The asymmetric unit with the disorder is displayed in 
Figure 4.22. 
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Figure 4.22: Asymmetric unit of 4.8 with thermal ellipsoids drawn to the 50% 
probability level and hydrogen atoms removed for clarity.  The two positions of 
the Fe complex and [Bu4N]+ are displayed above. 
X-ray Absorption Spectroscopy: 
XAS data collected at Stanford Synchrotron Radiation Lightsource in 
Menlo Park, CA.  Data collection and process was performed as previously 
discussed in Chapter 2.  The freeware program Fityk 0.9.8 was used for pre-
edge area calculations.133  The pre-edge peaks were modeled with 50:50 
pseudo-Voigt functions and the rising edge was modeled with an additional 50:50 
pseudo-Voigt function.  The pre-edge area was calculated by multiplying the 
peak height and full-width-at-half-maximum and the resulting areas were 
multiplied by 100. 
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Complexes 
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5.1 Introduction: 
 Mononuclear nonheme iron enzymes carry out a variety of difficult C-H 
bond oxidation reactions via an S = 2 ferryl moiety, which has been trapped for 
some enzymes.1  However, most model complexes synthesized so far have an S 
= 1 spin state.37  High-spin ferryl complexes are implicated as stronger oxidants 
than their S = 1 ferryl complexes due to exchange stabilization of the high-spin 
ferric transition state.76  There is little experimental data corroborating the higher 
reactivity of synthetic S = 2 ferryl compounds.  The most compelling data thus far 
in support of this notion was observed between a pair of diiron complexes, where 
a [HO-FeIII-O-FeIV=O]2+ complex was found to be about 1000 times more reactive 
than the [HO-FeIV-O-FeIV=O]3+ complex even though the former complex was 
one-electron-reduced in oxidation state compared to the latter.13  The important 
difference between these two compounds is that the ferryl unit in the [HO-FeIII-O-
FeIV=O]2+ species is in the S = 2 state, while the ferryl unit in the [HO-FeIV-O-
FeIV=O]2+ species is in the S = 1 state.  This observation supports the DFT-based 
hypothesis that S = 2 ferryl units are more reactive than S = 1 ferryl units.76  
Additional evidence supporting the superior reactivity of the S = 2 ferryl speceis 
was recently published, which reported the fastest rates of cyclohexane oxidation 
published to date; however, a related S = 1 complex was found to exhibit nearly 
equal rates.134,135  The high reactivity of the S = 1 ferryl complex was attributed to 
a low-lying S = 2 excited state on the reaction path.135  It would thus be useful to 
have additional reactivity studies on S = 2 ferryl complexes to clarify the major 
energetic factors that control reactivity. 
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The first high spin ferryl species to be thoroughly studied, 5.1 (Figure 5.1), 
was synthesized using a bulky ligand that enforced a trigonal environment 
around the Fe center.112,136  However, unlike what was anticipated, the high-spin 
ferryl species displayed sluggish reactivity with substrates.  The lack of reactivity 
for 5.1 compared to its S = 1 counterparts was attributed to the bulky nature of 
the ligand, which hindered substrate access to the oxo group.  To improve the 
reactivity of the trigonal species, one bulky guanidinyl arm from the ligand 
supporting complex 5.1 was removed, resulting in complex 5.2 (Figure 5.1).28  
Complex 5.2 retained an S = 2 spin state and oxidized the substrates 1,4-
cyclohexadiene (CHD) and 9,10-dihydroanthracene (DHA) at rates 15 and 600 
times faster, respectively, compared to 5.1. The increased substrate oxidation 
rates, especially the substantial increase in the rate for the bulky DHA, were 
explained by the increased accessibility of the ferryl moiety.28 
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Figure 5.1: Nonheme ferryl complexes: left- [FeIV(O)TMG3tren]2+ (5.1);  center- 
[FeIV(O)TMG2dien(X)]2+,+ (5.2-X), X = CH3CN, Cl-, Br-, CH3CO2-, CF3CO2- and N3-
; [FeIV(O)TPA(X)]2+,+ (5.3-X), X = CH3CN, Cl-, CH3CO2-, CF3CO2-.  TMG3tren = 
1,1,1-tris{2-[N2-(1,1,3,3- tetramethylguanidino)]ethyl}amine, TMG2dien = 1,1-
bis{2-[N2-(1,1,3,3- tetramethylguanidino)]ethyl} methylamine, TPA = tris(2-
pyridylmethyl)amine. 
The ferryl complex (5.2) has an exchangeable site cis to the oxo ligand, 
which can be systematically varied to perturb the electronic environment of the 
Fe center.  Previous ligand substitution studies of ferryl complexes have reported 
increases in the rates of substrate oxidation.75,137–139  Interestingly, cis and trans 
ligand substitutions in ferryl complexes have caused opposite trends in the 
substrate oxidation rates of S = 1 nonheme ferryl complexes, with more electron-
donating trans ligands accelerating substrate oxidation rates and more electron-
donating cis ligands decreasing the rate of substrate oxidation.137,138  Complex 
5.2 presents the first opportunity to study how cis substitutions will affect 
substrate oxidation reactivity for a series of S = 2 ferryl complexes. 
 
5.2 Results and Discussion: 
Because TMG2dien is a facially-coordinating tridentate ligand, 5.2 has an 
exchangeable site cis to the oxo ligand, and its acetonitrile ligand can be 
substituted with Lewis bases after the formation of the ferryl complex (Figure 
5.1).28  The substitution was typically accomplished by treatment of 5.2 with two 
equivalents of the desired Lewis base (X),28 which resulted in an immediate shift 
 161 
in the characteristic near-infrared band of 5.2, representing the formation of the 
new species 5.2-X (Figure 5.2).  One equivalent of the oxidant 1-(tert-
butylsulfonyl)-2-iodosylbenzene (sArIO) was used to synthesize 5.2, compared to 
the 2.5-3 eq of sArIO used to synthesize 5.2 in the original report.28  When 
excess oxidant was used in substrate oxidation reactions, the near-infrared band 
did not decay in a manner that could be modeled with a single exponential 
function.  When only one equivalent of sArIO was used in the synthesis of 5.2, 
the near-infrared absorption features of 5.2 or the 5.2-X species were red-shifted 
compared to the species formed from excess sArIO.  
Six TMG2dien-supported ferryl species were investigated.  In addition to 
the previously published Cl- and N3- species,28 the Br-, acetate (OAc) and 
CF3CO2- species were synthesized and the spectra are displayed in Figure 5.2.  
Complex 5.2-OAc exhibits the most significant change in the near-infrared band, 
red-shifting almost 100 nm from the 824 nm band of 5.2 to 919 nm for 5.2-OAc; 
other anions gave rise to intermediate shifts that are listed in Table 5.1.  
Interestingly, the electronic absorption spectrum of 5.2-N3 closely resembled that 
of 5.1, with a visible feature around 410 nm and a double-humped near-infrared 
feature that was shown to arise from Fano interference in the case of 5.1.131  The 
red shift of the 5.2-X spectra suggests a weakening of the ligand field splitting 
that may reflect the pi-donor characteristics of the halogen and carboxylate 
ligands.  The Mössbauer spectra of the 5.2-X family of complexes displayed 
quadrupole doublets with isomer shifts close to 0.1 mm/s and quadrupole 
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splitting values ~ │0.3│ and │0.6│mm/s.xi  When subjected to an applied 
magnetic field, these species gave rise to a more complex magnetic hyperfine 
splitting pattern consistent with an S = 2 spin state (Table 5.1).28 
 
Figure 5.2: Electronic absorption spectra of 5.2 (black), 5.2-Cl (red), 5.2-Br 
(blue), 5.2-OAc (magenta), 5.2-O2CCF3 (green) and 5.2-N3 (grey) in a 0.4 mM 
[Fe] CH3CN solution at -30° C.  
                                                 
xi Samples for Mössbauer analysis were prepared by Dr. Jason England and 
analyzed by the Eckard Münck group at Carnegie Mellon University in Pittsburgh 
PA and the spectra of CH3CN, Cl- and N3- were originally reported in reference 
28. 
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Table 5.1: Spectroscopic Parameters of FeIV(O)L(X) Complexes and 
Second-Order Rate Constants for the Oxidation of Triphenylmethane. 
L =TMG2dien λ [nm, (ε [M-1cm-1])a ΔEQ [mm/s] δ [mm/s] k2 d (M-1s-1) 
CH3CN b 824 (270) 0.58 0.078 0.20 
N3- b 828 (290),  
875 (275) 
0.30 0.115 
0.21 
Br- 877 (270) 0.41 0.084 0.78 
Cl- b 879 (290) 0.41 0.084 0.90 
CF3CO2- 881 (290) - - 2.1 
OAc- 914 (230) 
0.33 
-0.59 
0.13 
0.14 
3.0 
L =TPA     
CH3CN c  700 (300) 0.92 0.01 0.11 
CF3CO2- c 722 (300) 0.92 0.02 0.04 
CH3CO2- 753 (200) - - 0.53 
Cl- c 760 (200) 0.95 0.04 0.70 
a ε values determined by comparing to the published band intensity of the 
starting material 5.2 or 5.3. b originally reported in reference 28. c originally 
reported in reference 140.  d Triphenylmethane oxidations performed under 
pseudo-first order conditions in 0.2-1.0 mM [Fe] in acetonitrile. 
  
The substrate C-H bond oxidation rates of the cis-substituted trigonal 
bipyramidal complexes were investigated.  The reactions were carried out in 
acetonitrile solutions at -30° C under pseudo-first-order conditions.  Observed 
rate constants (kobs) were extracted from single exponential fits to the decay of 
the electronic absorption features of the 5.2-X species under investigation 
 164 
(Figure 5.3).  The first ~10 seconds of the reaction were not modeled in the 
exponential fit to allow time for the reactants to mix.  The plots of kobs vs. the 
concentration of triphenylmethane are displayed in Figure 5.4 and the k2 values 
are tabulated in Table 5.1.  Interestingly, the rate constants of the cis-substituted 
5.2-X complexes were up to 15 times faster than the parent complex 5.2.  The 
faster observed rates of substrate oxidation by the introduction of carboxylate or 
halogen donors in 5.2-X suggest that these donors found in the biological system 
may also play an important role in modulating the reactivity of the ferryl center in 
the enzyme active site.
 
Figure 5.3:  Decay of the spectrum of 5.2 in the presence of substrate.  A single 
exponential function fit to the time traces at 550 and 820 nm resulted in the same 
observed rate constant (kobs).  The spectra and time traces are representative of 
all kinetic experiments.  The first ~10 seconds of the reaction were not modeled 
in the exponential fit to allow for the reactants to mix.   
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Figure 5.4: Observed rate constants of 5.2-X complexes plotted vs. substrate 
concentration to obtain second-order rate constants (k2).  Triphenylmethane 
oxidation rate constants were determined for 5.2 (black squares), 5.2-Cl (red 
circles), 5.2-Br (blue diamonds), 5.2-OAc (magenta down triangles), 5.2-O2CCF3 
(green up triangles) and 5.2-N3 (grey left triangles) in a 1 mM [Fe] CH3CN 
solutions at -30° C. 
For comparison, the reactivities of the anion-substituted complexes of the 
S = 1 complex 5.3 were investigated under the same conditions as 5.2-X to 
probe a second series of ferryl complexes with a cis site available for 
substitution.  The complexes of 5.3-X with X = CH3CN, Cl- and CF3CO2- were 
previously reported.140  In the earlier report, peracetic acid was used to form 
 166 
complex 5.3 followed by addition of the Lewis base to carry out the 
substitution.140  In this study, the oxidant sArIO was used to synthesize the parent 
complex 5.3, and the λmax of the near-infrared absorption features of the 5.3-X 
were also red-shifted compared to the original report.140  Along with the 
previously reported 5.3-X complexes, the 5.3-OAc complex is reported here and 
has a near-infrared band at 753 nm in its electronic absorption spectrum, 
consistent with previously reported ferryl complexes supported by the TPA 
ligand.69,140  Two equivalents of the Lewis base (X) were added to the solution of 
5.3 and changes in the electronic absorption spectra were observed, consistent 
with the earlier report (Figure 5.5).140  The Cl- anion caused the largest shift of 
the near-infrared band in the electronic absorption spectrum of 5.3 from 700 to 
760 nm for 5.3-Cl.  Shifts to 722 and 753 nm were observed for 5.3-O2CCF3 and 
5.3-OAc, respectively (Figure 5.5, Table 5.1). 
 
Figure 5.5: Electronic absorption spectra of 5.3 (black), 5.3-Cl (red), 5.3-OAc 
(magenta) and 5.3-CF3CO2- (green) in a 0.6 mM [Fe] acetonitrile solution. 
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The C-H bond cleavage reactivities of the 5.3-X species were studied in 
the same manner as 5.2-X.  Plots of kobs of 5.3-X species vs. [triphenylmethane] 
are displayed in Figure 5.6 and rate constants are listed in Table 5.1.  The C-H 
bond oxidation rate constants of 5.3-X generally increased compared to the 
parent complex, with a maximum increase of about seven times for the 5.3-Cl 
species.  Interestingly, 5.2 and 5.3 had similar triphenylmethane oxidation rates 
as did 5.2-Cl and 5.3-Cl, even though each pair consisted of an S = 1 and an S = 
2 complex.  The cis substitution of the S = 1 ferryl complexes induces a similar 
acceleration as compared to the S = 2 ferryl complexes.  This suggests the 
possibility that similar energetic factors control the reactivity of both S = 1 and S 
= 2 ferryl complexes. 
Previously, the rate of C-H bond oxidation by 5.3 was observed to 
decrease by about 3 times when more electron donating pyridine-N-oxide ligands 
were substituted into the cis position.137  The pyridine-N-oxide study is in contrast 
to the results here, and has subtle differences compared to the 5.3-X study.  
Benzyl alcohol was used as the substrate in the 2008 study, which has been 
known to react differently from hydrocarbon substrates.9,14,141  Additionally, the 
pyridine-N-oxide donors used are neutral ligands compared to the anionic ligands 
in this study.137  
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Figure 5.6: Observed rate constants of 5.3-X complexes plotted vs. substrate 
concentration to obtain second-order rate constants (k2).  Triphenylmethane 
oxidation rate constants were determined for 5.3 (black squares), 5.3-Cl (red 
circles), 5.3-OAc (magenta down triangles) and 5.3-O2CCF3 (green up triangles) 
in a 1 mM [Fe] CH3CN solutions at -30° C. 
Several substrates of varying sizes and bond strengths were investigated 
to further probe the reactivity of 5.2.  The different substrates were investigated 
under pseudo-first-order conditions and the results are listed in Table 5.2.  An 
Evans/Polanyi plot was made,142 with the log of the normalized rate constants 
(k2’, the rate constant is normalized relative to the number of available C-H 
bonds) plotted vs. the C-H bond dissociation energy (BDE) of the substrate 
(Figure 5.7).  The linear trend over a variety of differently sized substrates 
suggests that the access to the reactive ferryl unit in 5.2 is not affected by the 
 169 
steric interactions with the substrate.  The slope illustrates that the C-H bond 
breaking contributes significantly to the reaction barrier.  Most nonheme ferryl 
complexes exhibit a slope of the Evans/Polanyi plot to be between about -0.2 
and -0.45: these slopes are smaller than what is seen for 5.2, which has a slope 
of -0.56.14,134,138,143–145  The more negative slope of 5.2 suggests that the 
substrate energy factors, like BDE, contribute more to the reaction barrier than 
the energy factors of the ferryl complex.  This is why only relatively weak C-H 
bonds can be broken by 5.2 compared to the other ferryl complexes.  A smaller 
slope of the BDE Evans/Polanyi plot for ferryl complexes is more desirable, 
because stronger bonds can be oxidized at a faster rate. 
 
Table 5.2: Second-order rate constants of substrate 
oxidation by [FeIV(O)TMG2dien(CH3CN)]2+ 
Substrate k2 (M-1 s-1) k2’ b (M-1 s-1) 
Cyclohexene 0.085 0.021 
Triphenylmethane 0.20 0.20 
Fluorene 0.58 0.29 
1,4-cyclohexadiene  18a 4.5 
9,10-dyhydroanthracene  57a 14 
a Published in reference 28.  Reactions conducted with 0.2-
1.0 mM [Fe] in acetonitrile at -30° C.  b k2’ values are 
determined by dividing the k2 of a reaction by the number of 
C-H bonds available for oxidation. 
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Figure 5.7: Normalized second-order rate constants (k2’) of the oxidation of 
substrates by 5.2 plotted vs. the bond dissociation energy of the substrates.  k2’ 
values are determined by dividing the k2 of a reaction by the number of C-H 
bonds available for oxidation.  Reactions were conducted in CH3CN at -30° C 
under pseudo-first-order conditions.   
 Curiously, a linear correlation was observed when the energy of the near-
infrared features in the electronic absorption spectrum of 5.2 and 5.3 were 
plotted vs. the Gibbs Free energy (ΔG‡) of triphenylmethane oxidation (Figure 
5.8).  The ΔG‡ values were determined from the rate constant using Transition 
State Theory (Equation 5.1) and expresses the rate constant (k2) in energy units.  
Expressing the k2 in terms of energy, or ΔG‡, allows for comparing the reaction 
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rate in the same units as the energy variable in question.  The slopes for the 
plots for both 5.2 and 5.3 were 0.39 and 0.34, respectively; however only four 
points were available for 5.3.  The slopes reveal that the energy changes in the 
NIR band and the reaction barrier are on the same scale, with about one-third of 
the energy change in the NIR band reflected in the substrate oxidation reaction 
barrier.  The correlation indicates that the two energy variables are likely 
connected.  Interestingly, the pairs 5.2 and 5.3, and 5.2-Cl and 5.3-Cl have 
comparable rates of triphenylmethane oxidation, and the energy of the NIR 
features of the 5.2-Cl and 5.3-Cl adducts have comparable changes at about 5 
kcal lower than their parent complexes.  A comparison to published data of the 
oxidation of four substrates by the trans-substituted [FeIV(O)TMC(X)]2+,+ (X = 
CH3CN, CF3CO2- and N3-) nonheme iron complexes found a similar slope for C-H 
bond oxidation rate – NIR band energy plot .138  These low-energy transitions 
observed in the NIR spectrum have been assigned to the transitions within the d-
orbital manifold.  The C-H bond oxidation rate – NIR band energy correlation 
suggests the possibility that the difference in the d-orbital energies contributes to 
the reaction barrier for substrate oxidation.   
Equation 5.1: Transition State Theory Equations 
 
k = rate constant, T = temperature, ΔG‡ = Gibbs Free energy of activation, R = 
gas constant, h = Planck’s constant, kB = Boltzmann constant 
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Figure 5.8: Gibbs free energy of activation (ΔG‡ ) of triphenylmethane oxidation 
plotted vs. the energy of the near-infra red band of in the electronic absorption 
spectra of the ferryl complexes 5.2-X (black squares) and 5.3-X (red circles). 
The oxygen atom transfer (OAT) and hydrogen atom transfer (HAT) 
abilities of the ferryl complexes were compared.  An Eyring analysis for HAT and 
OAT reactions was completed for complex 5.2.  The observed rate constants of 
thioanisole and triphenylmethane oxidation by 5.2 were determined as described 
above and the plots of kobs vs. concentration of thioanisole at different 
temperatures are displayed in Figures 5.9 and 5.10 and tabulated in Table 5.3.  
The enthalpy of activation for the oxidation of thioanisole was 57.4 (4) kJ/mol and 
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the entropy of activation is -34 (17) J/mol (Figure 5.11), while the enthalpy of 
activation for the oxidation of triphenylmethane was 22 (2) kJ/mol and the 
entropy of activation is -165 (9) J/mol (Figure 5.11).  The difference in the OAT 
and HAT activation parameters of 5.2 illustrates the fact that HAT and OAT 
reactions are governed by different energy contributions.  The HAT reactions 
have a significant entropy contribution, while the OAT reactions are primarily 
driven by the enthalpy term.  The thioanisole oxidation rate by 5.3 was 
investigated to compare to the rate by 5.2.  Because triphenylmethane HAT rates 
of 5.2 and 5.3 are similar, understanding the rates of other reactions may provide 
insight into what energitic factors control the reaction.  The rate of thioanisole 
oxidation by 5.3 was 0.53 M-1s-1, which is over 60 times faster than 5.2 (Figure 
5.12, Table 5.3).  Even though the HAT rates are similar, the OAT rates differ 
substantially.  
 
Figure 5.9:   Observed rate constants (kobs) of thioanisole oxidation by 5.2 plotted 
vs. thioanisole concentration to obtain second-order rate constants (k2).  The 
reactions were in a 0.2-1.0 mM [Fe] acetonitrile solutions. 
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Figure 5.10:  Observed rate constants (kobs) of triphenylmethane oxidation by 5.2 
plotted vs. triphenylmethane concentration to obtain second-order rate constants 
(k2).  The reactions were in a 0.2-1.0 mM [Fe] acetonitrile solutions. 
Table 5.3: Second-order rate constants for substrate oxidation rates  
Temperature (K) PH3CH PhSMe 
[FeIV(O)TMG2dien(CH3CN)]2+ k2 (M-1 s-1) 
273 0.89 0.82 
263 0.64 0.36 
253 0.36 0.11 
243 0.20 0.051 
233 0.16 0.0080 
[FeIV(O)TPA(CH3CN)]2+ 
233 - 0.53 
Reactions conducted with 0.2-1.0 mM [Fe] in acetonitrile under 
pseudo-first-order reaction conditions. 
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Figure 5.11: Eyring plot of the oxdation of thioanisole (red circles) and 
triphenylmethane (black squares) by 5.2 in a 0.2-1 mM [Fe] acetontrile solution 
between 233-273 K.  Eyring Y axis is equal to R(ln (k•h•kB-1•T-1) with the 
vairables defined in equation 5.1. 
 
Figure 5.12:  Oxidation of rates of thioanisole by 5.2 (red dots) and 5.3 (black 
squares) in a 1 mM [Fe] acetonitrile solution at -40° C.   
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The electrochemical behavior of the ferrous precursor of 5.2 was 
measured by cyclic voltammetry (Figure 5.13) A quasi-reversible wave was 
observed at high scan rates where the reduction peak nearly matched the 
intensity of the oxidation peak.  However this match deteriorated at lower scan 
rates, suggesting the possibility of an electron-transfer-chemical-reaction 
mechanism.  An FeIII/FeII couple of 450 mV vs Fc+/0 was estimated by taking the 
average of the cathodic and anodic peak currents, which was very close to the 
previously published value of 460 mV for 5.3.61  The FeIII/FeII redox couples of 
the ferrous starting materials of a series of ferryl complexes supported 
pentadentate ligands correlated well with their k2 values for thioanisole 
oxidation.23  These previously published values are plotted in Figure 5.14 (black 
squares),23 and in addition, the ferrous precursors of 5.2 and 5.3 are plotted for 
comparison (Figure 5.14, red circles).  Interestingly, the thioanisole k2 – redox 
potential correlation from a 2013 study23 predicts a much higher redox potential 
for the ferrous precursors of 5.2 and 5.3 than what was experimentally observed.  
Even more interesting is the substantial difference between the thioanisole 
oxidation rates of 5.2 and 5.3, despite having comparable FeIII/FeII potentials.  
Even though strong correlations of the k2 values for thioanisole oxidation versus 
redox potential have been previously seen,23,113 this correlation does not 
translate well to different ligand systems. 
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Figure 5.13:  Cyclic voltamagrams of an 1 mM [FeIITMG2dien(OTf)2] in 
acetonitrile (1.0 mM [Bu4N][PF6] as supporting electrolyte) in a N2(g) environment 
using a glassy carbon working electrode with a Pt wire as the auxiliary and 
reference electrodes.  Potential is referenced to ferrocenium/ferrocene couple. 
 
Figure 5.14:  Plot of the log k2 values for the oxidation of thioanisole by nonheme 
ferryl complexes at -10° C vs. the E1/2 of the FeIII/FeII of the Fe starting materials 
(vs. the ferrocenium/ferrocene couple).  Red circles: compounds 5.2 and 5.3; 
black squares: nonheme ferryl complexes supported by pentadentate ligands 
reported in reference 23.  The k2 value for thioanisole oxidation at -10° C by 
species 5.3 was estimated by scaling the rate of thioanisole oxidation of 5.2 at -
10° C with the ratio of the thioanisole oxidation rates of 5.2 and 5.3 at -40° C. 
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5.3 Conclusion: 
 The substrate oxidation rates of the cis- substituted ferryl complexes 5.2-X 
and 5.3-X were investigated.  The C-H bond oxidation rates of the pairs 5.2 and 
5.3  and 5.2-Cl and 5.3-Cl were similar even though their spin states were 
different, but the thioanisole oxidation rate of 5.3 was found to be more than 60 
times greater than that of 5.2.  An interesting correlation between the C-H bond 
oxidation rates and the near-infrared band in the electronic absorption spectra of 
5.2-X and 5.3-X species was observed, suggesting the possibility that the 
difference in the d-orbital energies is reflected in substrate oxidation rate.  Many 
different factors control the HAT rate of nonheme iron complexes, and spin state 
is not the sole predictor of the oxidation ability of the ferryl species.   
5.4 Experimental: 
Synthesis of Fe compounds: 
  [FeIV(O)TMG2dien(CH3CN)]2+ and [FeIV(O)TPA(CH3CN)]2+ were 
synthesized using previously reported methods,28,140 except one equivalent of 1-
(tert-butylsulfonyl)-2-iodosylbenzene was used as the oxidant in both cases.  In a 
typical experiment, 1.5 – 2 mL of an acetonitrile solution containing 0.2-1.0 mM 
FeII starting material was prepared in an Ar environment and added to an air-free 
quartz cuvette.  The cuvette was cooled to the desired temperature in a 
temperature controlled cryostat prior to the addition of one equivalent 1-(tert-
butylsulfonyl)-2-iodosylbenzene dissolved in about 40 μL of dichloromethane.  
The formation of the ferryl species was monitored by the electronic absorption 
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spectrum.  After full formation, two equivalents of the desired anion were added 
to the reaction solution as tetraalkylammonium salts solutions in 
dichloromethane.  Substrates were added as dichloromethane solutions in at 
least 10 fold excess compared to the Fe concentration. 
Electronic Absorption Spectroscopy: 
The electronic absorption spectra were collected in the same manner as 
previously described in Chapter 2.  
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